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ABSTRACT 
EFFECTS OF REDUCING PHOSPHORUS NUTRITION ON PLANT GROWTH 
AND PHOSPHORUS LEACHING 
OF CONTAINERIZED GREENHOUSE CROPS 
May 2007 
ROGER A. GAGNE, B.S.E.E., LOWELL TECHNOLOGICAL INSTITUTE 
M.S.E.E., UNIVERSITY OF LOWELL 
M S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Douglas A. Cox 
To evaluate effects of reducing phosphorus (P) nutrition on plant growth, 
poinsettias {Euphorbia pulcherrima Willd. ex Klotzsch 'Red Sails', 'Bright Red Sails', and 
'Freedom Bright Red'), petunia {Petunia x hybrida 'Ultra Red'), and geranium 
{Pelargonium x hortorum Bailey 'Ringo 2000') were grown in a glasshouse in soilless 
growth medium. Treatments for 'Red Sails' poinsettia and 'Ultra Red' petunia consisted 
of P from ordinary superphosphate (20% P2O5) (SP) incorporated in the medium at 
potting time and irrigated with 20N-0P-16.6K water-soluble-no-P fertilizer (WS0PF) or 
tap water. ‘Red Sails’ poinsettia received five SP treatments at 0.59, 1.78, 2.97, 4.15, or 
5.34 kg m"3, and ‘Ultra Red’ petunia received three SP treatments at 74, 297, or 519 
g m'3. Treatments for 'Bright Red Sails' and 'Freedom Bright Red' poinsettia and 'Ringo 
2000' geranium consisted of irrigations with different combinations of 15N-2.18P-20.75K 
water-soluble-P fertilizer (WSPF), WS0PF, or tap water. Leachate was collected from 
each pot, the volume was measured, and the leachate analyzed for P. Nitrate nitrogen 
vi 
(NO3-N) in the leachate was measured to determine if NO3-N leaching was altered by 
plant growth effects caused by the reduced P. Symptoms of P deficiency were not 
detected in foliage or bracts of any poinsettia at any P level. Chlorosis and necrosis were 
observed on all plants of petunia at the lowest P level. Stunted growth (smaller leaf area) 
was found on geranium at the lowest P level. Plant size and bract size of each cultivar of 
poinsettia were visually acceptable regardless of the treatment type or level of P. 
Petunias were significantly smaller at the lowest treatment level but height did not 
increase above the intermediate P level. Height and days to flower of geranium were not 
affected significantly by P levels, but plant diameter and shoot dry weight were affected 
significantly. Phosphorus leaching increased with increasing P levels for all plants. In 
general, NO3-N leaching for all plants followed the overall pattern of total leachate 
volume. This research demonstrated that high quality poinsettia, petunia, and geranium 
plants could be grown using less P than is commonly used with the additional benefit of 
less P leaching. 
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CHAPTER 1 
INTRODUCTION 
Background 
To satisfy today’s consumer demands, floricultural crops must meet a high 
standard of quality. Plant quality is a subjective measure that includes compact growth, 
good color, freedom from disease, and a well-developed root system. To maximize their 
investment, growers try to keep production cycles as short as possible by the use of 
optimal conditions of light, temperature, and luxury rates of fertilizer (Borch et al., 1998). 
The use of high fertilizer rates is intended to maximize growth and to compensate for low 
cation-exchange-capacity (CEC) of modem well-drained soilless media, the high 
volumes of water used in production (Biembaum, 1992), low natural fertility of soilless 
media, and small container volumes. 
Phosphoms and other plant nutrients, in the form of soluble salts, can accumulate 
in container medium when applied at rates in excess of plant uptake. To reduce the 
potential for the accumulation of soluble salts, cultural practices have evolved whereby 
excess water and fertilizer are applied to container plants to flush away accumulation of 
salts and to provide nutrient balance (Biembaum, 1992). 
In greenhouse and nursery environments, leaching occurs when water is applied 
to plants in excess of container capacity. The excess water flushes soluble nutrients and 
pesticides through the growing medium. Generally, greenhouses have earthen floors. 
Depending on the texture of the soil and greenhouse drainage system, leachate allowed to 
fall to the floor may be subject to entering the surface and ground water systems (Evans 
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and Cabrera, 1992; McAvoy et al., 1992; McAvoy, 1994). Deep sandy or coarse-textured 
soils and drainage systems designed to move water quickly are more likely to allow 
leachate to bypass the sorption capacity of the soil and enter the ground water or be 
directed to surface water systems (Djodjic et al., 2004; Sims et al., 1998). The U.S. 
Environmental Protection Agency (1982) has specified that the concentration of nitrates 
in domestic water supplies should not exceed 45 mg L'1 (10 mg L'1 expressed as N). 
Accelerated eutrophication of lakes and ponds and the outbreak of algal blooms have 
been attributed to excess P (Sharpley, 2000; Wetzel, 1975) and have been identified by 
the U.S. Environmental Protection Agency (1996) as major problems in surface waters 
having excess P. The concern over the environmental impact to surface and ground 
water resulting from the leaching of fertilizer and pesticides is evident by the abundance 
and diversity of literature addressing the issue. 
Literature Review 
Impact on the Environment 
In 1996, the Executive Summary of the U.S. Environmental Protection Agency’s 
National Water Quality Inventory Report to Congress cited nutrients, in particular N and 
P, as one of the leading causes of poor water quality in our rivers, lakes, and estuaries 
(U.S. EPA, 1996). Excess P has been attributed to the accelerated eutrophication of lakes 
and ponds and to the outbreak of algal blooms (Sharpley, 2000; Wetzel, 1975). 
Eutrophication is a process that refers to the accumulation of nutrients in a lake, which 
occur naturally over many years; and it is characterized by the increase in growth rates of 
the biota of fresh waterways (Wetzel, 1975). When the input of P to the system is greater 
than is required for normal production, eutrophication is accelerated. 
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The Chesapeake Bay is an extreme example of how excess nutrients can 
adversely affect an environment. General agriculture, the dominant source of P in the 
Chesapeake Bay Basin, contributes 58% of the total amount of P entering the Bay each 
year (Taylor and Pionke, 2000). Phosphorus is a limiting nutrient for the production of 
phytoplankton (Wetzel, 1975). Excess P entering the water system causes an increase in 
the production of phytoplankton in the system reducing light penetration due to the 
shading effect of the suspended organisms in the water (Boynton, 2000). This action 
results in submerged aquatic vegetation being stressed for lack of light and the possibility 
that substantial vegetation could be lost, by death, affecting spawning areas. Once 
nutrients are depleted by the growing phytoplankton, resultant blooms die and sink to the 
bottom of the waterway and begin to decompose using up large quantities of dissolved 
oxygen (DO) (Boynton, 2000). Low DO (hypoxic) and even no DO (anoxic) conditions 
can result due to decomposition limiting and killing sessile creatures (like clams and 
worms) and thus eliminating the cooler deep waters as natural habitat for fish and 
shellfish communities (Boynton, 2000). 
Conventional overhead watering of greenhouse plants is associated, generally, 
with leaching resulting from the use of large quantities of water. Fertigation is the 
irrigation of field or greenhouse crops using water containing water-soluble fertilizer 
(WSF). Whether the fertilizer is incorporated with the water, as in fertigation, or is 
incorporated with the medium, as controlled-release fertilizer or medium amendment, 
leaching results in soluble nutrients being flushed through the potting medium onto the 
greenhouse floors (Argo and Biembaum, 1995; Biernbaum, 1992; Hershey and Paul, 
1982; Yeager and Barrett, 1984). Subirrigation systems, flooded (ebb and flow) benches 
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and floors or similar types of systems, irrigate plant containers from the bottom. These 
systems are generally closed systems meaning that the water-fertilizer solution is reusable 
with periodic adjustment of water volume and nutrient content. Closed-system 
fertigation such as ebb and flow have long been used in Europe (James and van Iersel, 
2001) and is the most effective means today for reducing nutrient leaching and runoff 
from greenhouses (Cox, 2001). Slowly, subirrigation methods are being adopted, but 
because of high initial cost and other factors, relating to relatively small business size, 
traditional overhead irrigation methods will remain the norm for the near future. 
Effects of Reduced Phosphorus 
In greenhouse bedding plant production, it is generally accepted that consumer 
expectations of quality plants include compact growth, good color, and well-developed 
roots. Container-grown plants require only minimal amounts of P for optimum growth 
(Borch et al., 1998; Broschat and Klock-Moore, 2000; Cox, 1999a, 1999b, 2000, 2002). 
Research has shown that root growth is not overly stimulated by levels of P in excess of 
P-sufficiency in most plants (Broschat and Klock-Moore, 2000; Dufault and Schultheis, 
1994; Melton and Dufault, 1991; Weston and Zandstra, 1989; Yeager and Wright, 1981). 
Broschat and Klock-Moore (2000) reported that plants of tomato, marigold, and bell 
pepper were stunted when grown with no supplemental P; however, root dry weight for 
tomato and marigold remained relatively constant as P was increased from 0 to 64 
mg-wk"1 per plant, and bell pepper showed only a slight increase in root dry weight as P 
was increased from 0 to 8 mg-wk'1 per plant. Shoot growth on the other hand, responded 
to increased P but only with applications following deficiency levels. Broschat and 
Klock-Moore (2000) reported that increasing P beyond sufficiency levels does not further 
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increase root or shoot growth. Cox (1999a, 2000) suggests that by carefully managing P 
deficiency, it may even be possible to achieve a desirable suppression in growth of 
bedding plants without the use of plant growth regulating chemicals and without foliar 
symptoms of P deficiency. 
Tomato and impatiens seedlings grown under P-stressed conditions (0.15 mM 
PO4) had larger root/shoot dry weight ratios than control plants grown under 0.5 mM PO4 
(Huang and Nelson, 1994). Huang and Nelson (1994) suggested that the use of a 
continuous stress of 0.15 mM PO4 is a possible means to developing a large root mass 
and compact shoot in the final stage of plug seedling production. Cox (2000) reported 
that treatments to tomato using 20N-0P-16.6K water-soluble fertilizer (WSF), with N at 
150 mg-L'1, applied four or six times during the first two or three weeks after 
transplanting followed by 20N-4.36P-16.6K WSF, with N at 150 mg-L'1, applied two 
times a week, to completion of the production cycle, resulted in desirable height 
suppression and no nutrient deficiency symptoms. Similar results with controlling height 
suppression using similar fertilizing regimes were achieved with basil (Cox, 2002). 
Although not a bedding plant, poinsettia benefits from reduced P nutrition by producing 
more-appealing compact growth while not exhibiting symptoms of P deficiency (Cox, 
1999b). In fact, many plants grown under mild P deficiency have a greener appearance, 
and greener appearing plants are generally more appealing to consumers (Cox, 1999a). 
A common assumption in the greenhouse industry is that using high NO3-N 
nutrition produces compact plants whereas NH4--N or urea nutrition stimulates shoot 
growth (Dole and Wilkins, 1999; Song et al., 1999). Several high NO3-N fertilizers 
contain smaller amounts of phosphate than other formulations or none at all (Nelson, 
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2003; Song et al., 1999). In studies using five species of bedding plant plug seedlings. 
Song et al. (1999) concluded that shoot suppression resulting from the use of these high 
NO3-N fertilizers was a function of low phosphate and not N form. Studies (Borch et al., 
1998; Lynch et al., 1991) show that plants fertilized using a solid-phase P buffer can 
grow well at P levels as low as 3 pM P (0.09 mg-L*1 P); however, it must be recognized 
that the solid phase provided a constant supply of P and that the concentration of P should 
not be compared to an unbuffered supply at this low concentration. Impatiens plants 
grown in sphagnum peat amended with P-charged alumina (AI2O3, supplying 3 pM P in 
solution), were more compact, more drought tolerant, and had significantly less flower 
wilting than plants grown using a conventional nutrient solution with a P concentration of 
1.5 mM (0.05 mg-L'1 P; Borch et al., 1998). 
Effects of Media and the Irrigation Process 
The use of leaching when using constant-feed WSF at relatively high 
concentrations of N (200 to 300 mg-L*1) can have little effect in reducing the potential for 
salt accumulation in peat-based media unless the leaching is done at 40 to 60% of the 
applied solution (Biembaum, 1992). 
It has been shown that P, supplied by superphosphate (SP), is readily leached 
when used as a fertilizer with soilless media (Cole and Dole, 1997; Dole et al., 1992; 
Marconi and Nelson, 1984; Yeager and Barrett, 1984, 1986). Studies by Cole and Dole 
(1997) show that 45% (340 mg) of P added as SP to a 1-L pot of soilless growing 
medium is lost within 13 days with daily irrigation. Although superphosphate adds P for 
plant use early in the growing season, the SP added to soilless growth media may be lost 
quickly through leaching and may not be economically worthwhile (Cole and Dole, 
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1997). Marconi and Neilson (1984) demonstrated that approximately 37% (87 mg) of P 
added as SP to a 2-L pot of a peat moss:vermiculite (1:1, v:v) medium was lost by 
leaching after 10 irrigations over a 16-week period and only 4% (10 mg) of P added as 
SP to a 2-L pot of a sand: soil:peat moss (1:1:1, v:v:v) mix was lost by leaching after 10 
irrigations over the same period. Organic soils do not contain the quantities of Fe and A1 
responsible for high P fixation in mineral soils (Yeager and Barrett, 1984). Soilless 
growth media, like organic soils, have low P adsorption capacity; therefore, more P is in a 
water-soluble form, available for leaching, than in soil-based media (Marconi and 
Neilson, 1984). 
The irrigation process used to grow containerized greenhouse crops can have an 
effect on several factors that influence growth, such as the concentration and distribution 
of nutrients and soluble salts, pH levels, and EC levels within the growing medium (Argo 
and Biembaum, 1995; Ku and Hershey, 1991, 1992; Morvant et al., 1997). Using 
overhead irrigation in the growth of potted geranium, Ku and Hershey (1992) showed 
that EC levels were generally higher in the top third of the medium than in the lower two- 
thirds for leaching fractions (LFs) of 0.1, 0.2, and 0.4 (LF is the ratio of the volume of 
solution leached from a container to the volume of solution applied to the container). 
Other researchers (Cox, 2001; Morvant et al., 1997; Yelanich and Biembaum, 1990) 
reported similar trends with other containerized crops. High EC levels in the top third 
layer of growing medium are consistent with an upward movement of soluble salts due to 
evaporation from the surface (Cox, 2001; Ku and Hershey, 1992). Using subirrigation, 
EC levels in the top third are higher still than with overhead irrigation (Cox, 2001; Dole 
et al., 1994; Guttormsen, 1969; Morvant et al., 1997). High EC at the surface is caused 
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by the water-fertilizer solution being absorbed by the medium in the bottom of the 
container and drawn to the surface by capillary action. 
In studies of the effect of overhead irrigation, with leaching compared with 
subirrigation systems on poinsettias, Argo and Biembaum (1995) reported little 
difference between the systems in the size of plants grown using the same fertilizer 
concentration over a 21-day or 54-day period. Cox (2001) reported similar results with 
plant height after 18 weeks; however, he also reported that plant diameter and shoot dry 
weight were greater with overhead irrigation. 
Overall Objectives 
Limited research has been conducted concerning the effects that reducing P has 
on plant growth, P nutrition, and P leaching of containerized greenhouse crops. The 
research described here is an attempt to determine if P can be reduced to lower levels 
than have historically been applied in the greenhouse and if lower levels support good 
growth. Growers will be concerned whether smaller plants will appeal to customers; and 
if the size reduction will result in small flowers, off-colored foliage, or other symptoms; 
and will limiting P nutrition result in restricted leaching. 
There are three objectives to this research; first, to determine the effects that 
reducing P has on plant growth, P nutrition, and P leaching using three typical container- 
grown greenhouse crops, poinsettia, petunia, and geranium, under different P regimes. 
Second, to determine how different soilless growth media may affect P nutrition and 
leaching; and third, to determine if NO3-N leaching is increased by plant growth 
suppression caused by reduced P. 
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CHAPTER 2 
EFFECTS OF REDUCING PHOSPHORUS FROM SUPERPHOSPHATE 
ON GROWTH OF POINSETTIA 
Abstract 
'Red Sails' poinsettia (.Euphorbia pulcherrima Willd. ex Klotzsch) were grown in 
a glasshouse for 122 days in a soilless growth medium to evaluate the effects on growth 
resulting from reduced levels of phosphorus (P), to analyze the resulting leachate for P, 
and to determine if nitrate nitrogen (NO3-N) leaching was altered by plant growth effects 
caused by the reduced P. Five treatments consisted of 0.59, 1.78, 2.97, 4.15, or 5.34 kg 
of ordinary superphosphate (20% P2O5) (SP) per cubic meter of medium incorporated 
into the growth medium at potting time. Pots were placed in containers to collect 
leachate, and plants were irrigated every three to four days using equal volumes of 20N- 
0P-16.6K water-soluble fertilizer (WSF). Supplemental watering was used, as necessary, 
between scheduled (WSF) irrigations. All plants received the same volume of irrigation, 
whether fertilizer or tap water. Leachate that was collected from each pot was measured 
and retained for analysis of P and NO3-N. Symptoms of P deficiency were not detected 
in foliage or bracts even though leaf tissue P was below the established sufficiency range 
for poinsettia at the three lowest P treatment levels. Growth was greater when more P 
was applied; however, plants were visually acceptable at the lower P levels. Bract 
diameters were larger with higher levels of P although the greater size was not visually 
discernable, and all bracts were of acceptable size. There were significant differences in 
P leached among the levels of P applied, and the greatest amount of leaching occurred 
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during the first five weeks after planting. A large unexpected increase in NO3-N leached 
after flower initiation suggests that the quantity of NO3-N used could be reduced at that 
time. This research shows that 'Red Sails' poinsettia grown with reduced P are more 
compact than those grown with more conventionally accepted levels of P, retain 
acceptable bract size, and may require less of the NO3 form of N after flower initiation. 
Introduction 
Compact growth, in plants, is a subjective quality sought after by consumers. 
Several options are available that can be used on poinsettias for controlling plant height. 
These include the use of growth regulating chemicals and cultural practices (Dole and 
Wilkins, 1999). In these times of ever-rising cost of chemicals and constant concerns 
about environmental pollution, modification of cultural practices is an attractive 
alternative. However, even under the guidelines of cultural practices, several options are 
available, i.e., control of temperature, light intensity and quality, relative humidity, and 
irrigation (Hartley, 1992). 
Research has shown that container-grown plants require less P than is typically 
used for optimal growth (Borch et al., 1998; Broschat and Klock-Moore, 2000; Cox, 
1999a, 1999b, 2000, 2002). By reducing P nutrition, it may be possible for growers to 
produce the compact plant desired by consumers and realize an economical benefit. 
Reducing P nutrition may change the requirement for N. In greenhouse and nursery 
environments using overhead irrigation, excess irrigation solution is applied to container 
plants to flush away and prevent build-up of salts (Biembaum, 1992). In general, 
greenhouses and nurseries have earthen floors and nutrients leached from the use of 
excess solution fall to the floor and are subject to entering the surface and ground water 
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systems (Djodjic et al., 2004; Evans and Cabrera, 1992; McAvoy et al., 1992; McAvoy, 
1994; Sims et al., 1998). 
This experiment was not intended to examine nutrient pollution under a 
greenhouse nor was it intended to be a study on leaching of nutrients to surface and 
ground waters. There were two objectives to this research: 1) to determine the effects 
that reducing P has on plant growth, P nutrient status, and P leaching of poinsettia under 
different P regimes using a commercial soilless growth medium and 2) to determine 
if NO3-N leaching is affected by plant growth effects caused by reduced P. 
Materials and Methods 
Rooted Red Sails' poinsettia cuttings (E. pulcherrima) were obtained from the 
Paul Ecke Ranch (Encinitas, Calif.). Cuttings were potted on 27 July 2001 in 15-cm- 
diam. (1.5 L) pots containing a commercial soilless growth medium of 45% peat moss, 
15% perlite, 15% vermiculite, and 25% bark by volume (Fafard Mix 3B; Conrad Fafard, 
Inc. Agawam, Mass.). Fafard Mix 3B does not contain superphosphate fertilizer. This 
medium is one of the commonly used media in the greenhouse industry in Massachusetts 
(D.A. Cox, University of Massachusetts, Amherst, personal communication). 
Five P treatments were prepared in advance of potting by incorporating SP in the 
growth medium at the rate of 0.59, 1.78, 2.97, 4.15, or 5.34 kg m’3. These rates provided 
approximately 80, 246, 406, 566, or 732 mg P per pot, respectively (See Appendix A for 
Metric to Common Units). Treatments were based on previous experiments with 
poinsettias in this laboratory (Cox, 1999b). A rate of approximately 3 kg m' of SP is 
used commonly as a pre-plant fertilizer to provide P for an entire cropping period 
(Nelson, 2003). After potting, the plants were irrigated thoroughly using tap water and 
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placed under 40% shade cloth in a glass greenhouse until they became established. A 
broad-spectrum fungicide (Banrot; Scotts-Sierra Corp Protection Company, Marysville, 
Ohio) was applied as a drench, one day after potting (DAP), to prevent fungal diseases of 
the stem and roots. 
A 20N-0P-16.6K (11% NO3-N, 9% urea-N) water-soluble fertilizer (WSF) (Peters 
Hi-Cal Peat-Lite Special; The Scotts Company, Marysville, Ohio) solution, with N at 250 
ppm (mg-L'1), was applied by aspirational metering (hozon proportioner; Phytotronics, 
Inc., Earth City, Mo.) to irrigate the plants and supply N two times during the first full 
week after potting. Tap water was used for irrigation during the first two weekends after 
potting. Leachate was not collected during that time. 
At ten DAP, plants were suspended in tight-fitting opaque containers used to 
collect leachate. Water-soluble fertilizer was applied at three- or four-day (Monday and 
Thursday) intervals according to a predetermined schedule. At scheduled irrigations, an 
equal volume of WSF solution was applied to each pot. The volume of WSF solution 
required varied with irrigation, due to growth and environmental conditions, and was 
determined as the volume required to fully irrigate the plants while providing a small 
amount of leachate. If additional water was necessary between scheduled irrigations, 300 
mL of tap water were applied to each pot. This volume was determined to supplement 
irrigation and not to cause leaching; thus, the same volume of irrigation, whether 
fertilizer or tap water, was applied to all plants. The volume of irrigation water applied to 
all plants during the experiment was 11.3 L of WSF per pot (1554 mg NO3-N) and 5.2 L 
of tap water per pot. 
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At regular intervals throughout the experiment, leachate was collected from each 
collecting container; the volume was measured, and a sample was retained for analysis of 
P and NO3-N. The concentration of P (as PO4-P) in the leachate was determined using a 
commercial ascorbic acid test manufactured by Hach Company (Loveland, Colo.), a 
modification of the original ascorbic acid test developed by Chen et al. (1956). The 
concentration of NO3-N was determined potentiometrically by ion-selective electrode 
(ISE) (Barker, 1974; Mills, 1980) using a Cole-Parmer nitrate ISE (catalog no. 27502-31; 
Cole-Parmer Instrument Company, Vernon Hills, Ill.). These data, along with the total 
volume of leachate collected per pot, were used to calculate the total amount of P and 
NO3-N leached per pot. 
At the beginning of week three (17 DAP), 50 of the most uniform plants, 10 
plants per treatment, were selected and moved from under the shade cloth and placed in a 
completely random design on a greenhouse bench. Poinsettia needs to be pinched back, 
when roots are visible at the outer edge of the root ball, to stimulate growth of new side 
shoots and increase the number of bracts (Dole and Wilkins, 1999; Hammer, 1998). This 
generally occurs two to three weeks after potting (Hammer, 1998). At that time, the top 
portions of the plants were pinched back, leaving five or six nodes. 
At the completion of the experiment, 122 DAP, plants were measured for total 
height, width (two measurement; widest and at right angles to this axis), and top-most 
bract diameter (two measurements taken at right angles to each other). Nine green-leaf 
samples (recently matured just below the colored bracts) were taken from each plant 
(three leaves each taken from three stems) for dry weight and tissue analysis. To assess 
dry weight, the entire shoot (leaves, stem, and bracts) was taken from each plant and 
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dried at 75 °C until constant weight was achieved. Leaf tissue was ground using a rotary 
mill with a 20-mesh screen and dry ashed (Appendix B) in preparation for analysis. 
Tissue analysis for P was performed at the Soil and Plant Tissue Testing Laboratory, 
West Experiment Station, University of Massachusetts, Amherst, by Inductively Coupled 
Plasma (ICP) Emission Spectroscopy. 
The experiment was conducted in a glass greenhouse maintained as close as 
possible to 22/17 °C (day/night) temperature. There were 10 single-plant replicates per 
treatment arranged in a completely randomized design. Data were subjected to analysis 
of variance (ANOVA) and regression analysis with Sigma Stat statistical software (SPSS 
Inc., Chicago, Ill). 
Results 
Symptoms due to P deficiency, such as discoloration of tissue, were not detected 
in either foliage or bracts. Plant growth and bract size, however, were significantly 
affected by reduced levels of P (Table 2.1). As P increased, plant height generally 
increased, plant diameter increased, bract diameter increased, and shoot dry weight 
generally increased. The largest plants and largest bracts resulted from the greatest use of 
P. All plants had bracts of acceptable size. There was a significant effect in leaf tissue P 
in response to treatments (Table 2.1). Plant accumulation of P reflected P treatments, as 
treatment P increased, leaf tissue P generally increased. 
Overall leaching decreased during the first eight weeks after potting then 
increased until the end of the experiment (Fig. 2.1). There was a significant difference in 
total P leached per pot among treatments (Table 2.2). The greatest amount of P leaching 
occurred early in the experiment during the first five weeks after planting (Fig. 2.2) this 
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also reflected overall leaching during that time (Fig. 2.1). After five weeks, leaching of P 
continued but at reduced amounts (Fig. 2.2). More total P was leached per pot from a 
treatment level of 5.34 kg-m'3 of SP than from any other treatment (Table 2.2). 
Nitrate nitrogen leached (Fig. 2.3), reflected overall leachate from eight weeks 
after potting to the end of the experiment (Fig. 2.1). As SP treatment levels increased, 
total NO3-N leachate, per pot, generally decreased (Table 2.2) even though the same 
amount of NO3-N was applied to all plants. 
Discussion 
Growth response of'Red Sails' poinsettia suggests that increased levels of P lead 
to larger plants (Table 2.1). Leaf tissue P concentrations resulting from the three lowest 
treatment levels (Table 2.1), fell below the established sufficiency range for poinsettia of 
0.2 - 1.0% (2000 - 10000 pg-g'1) (Mills and Jones, 1996) indicating that P-suffrciency 
may not have been realized. These results follow those of Broschat and Klock-Moore 
(2000) who reported that shoot growth of tomato, marigold, and green pepper responded 
to increased P but only at deficiency levels. 
Lower levels of P resulted in plants that were visually acceptable in size with 
bracts that appeared as large as bracts on the larger plants and no appearance of P 
deficiency. This observation agrees with results of Cox (1999b), who reported that 
poinsettias grown with reduced P produced desirable compact growth without exhibiting 
symptoms of P deficiency. The difference in the height of plants treated with low levels 
of P and those treated with high levels of P was 5 cm (Table 2.1), and the difference in 
the diameter of bracts on plants treated with low levels of P and those treated with high 
levels of P was 4.5 cm. These measurements suggest that the inability to detect 
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differences visually in bract size among these plants may have been a result of 
proportions; smaller bracts on smaller plants gave the appearance of being the same as 
larger bracts on larger plants. Since P deficiency symptoms, other than growth 
suppression, were not observed during this experiment, it might be desirable in the future 
to extend the low treatment range further, to where foliar deficiency symptoms are 
observed to determine the minimum amount of P nutrition necessary to give unblemished 
growth. 
The leaching of P among the treatment levels (Fig. 2.2) follow a trend similar to 
the findings of Cole and Dole (1997), who reported that 45% (340 mg from a 1-L pot) of 
P added as SP to a soilless growth medium is lost within 13 days with daily irrigation 
with 250 mL of water, and Marconi and Neilson (1984), who demonstrated that 
approximately 37% (87 mg from a 2-L pot) of P added as SP to a peat moss:vermiculite 
(1:1, v:v) medium was leached after 10 leachings with 105 mL of water. The results of 
Cole and Dole (1997) and Marconi and Neilson (1984) were obtained from studies where 
no plant material was used. Some valuable data may have been lost in the beginning of 
this experiment as leachate was not collected during the first 10 DAP. However, the 
initial leachate collected (14 DAP) was as if there had been no plant material present 
since the root ball had not yet fully developed. Once roots developed and began to 
absorb P, probably less P was available in the soluble form for leaching. Although 
sufficient solution was applied at irrigations to cause some leaching from all pots in this 
study, leaching fraction was not a consideration. What was more important was that all 
pots were irrigated equally, applying the same amount of N to each plant. The difference 
in leachate volume among plants then is mainly attributable to evaporation from the 
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surface of the pots and differences in transpiration resulting from differences in plant 
development. 
Nitrate-N in leachate may be a consequence of NO3-N not used by the plant. The 
difference in NO3-N leached among plants may be an indication of differences in 
requirements for NO3-N by the individual plants (Fig. 2.3). An unexpected result 
occurred starting after the third sample time (8 weeks after planting) (Fig. 2.3). This 
sample took place on 20 Sept., just before the date when natural short days for poinsettia 
start in the United States (between 21 and 25 Sept.) and approximately when the critical 
day length of 11.5 hr. occurs and flower initiation takes place (Hammer, 1998). The 
large increase in NO3-N leached from that time to the end of the experiment may have 
reflected a decrease in the requirement of the plants for the NO3 form of N, or even N in 
general at flower initiation. Total NO3-N leached at the low P treatment level was 
approximately 70% of the total NO3-N applied and was between 42% and 52% of the 
total NO3-N applied at the other P treatment levels. Overall, the greater the amount of 
NO3-N in the leachate suggests that less NO3-N was being used or needed by the plants 
after flowering. Since the greatest amount of NO3-N leached occurred at the lowest P 
treatment level it was probably due to the lower requirement for NO3-N by the smaller 
more-compact plants that resulted from the reduced P applied. If less NO3-N is needed to 
produce a quality poinsettia crop, then a cost savings may be realized by the use of 
fertilizer with a lower percentage of NO3-N. Further investigation into the exact form of 
N preferred by 'Red Sails' poinsettia may be useful, even desirable. 
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In traditional greenhouses with earthen floors, the leachate is generally allowed to 
fall on the floors. If NO3-N and P are reduced in the leachate, the chances of these 
elements ending up in surface or groundwater are reduced. 
This research shows that "Red Sails' poinsettias grown with reduced P, from SP, 
are more compact than when grown with conventionally accepted levels of P while 
retaining acceptable bract size. 
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Table 2.1. Growth response of'Red Sails' poinsettia to different levels of P from ordinary 
superphosphate incorporated in the medium at potting time. 
Treatment _Measurement of Growth 
Superphosphate 
(kg m'3) 
Plant ht. 
(cm) 
Plant diam. 
(cm) 
Bract diam. 
(cm) 
Shoot 
dry weight 
(8) 
Leaf 
Tissue P 
(ggg') 
0.59 34.2* * 50.9 24.2 29.2 1518 
1.78 37.4 58.0 26.1 37.9 1680 
2.97 36.8 60.0 27.9 35.8 1941 
4.15 38.9 62.1 28.3 37.9 2502 
5.34 39.2 62.8 28.7 39.7 2343 
Significance2 L" L*\Q* L* l",c’ L~,C~ 
z Effects of increasing superphosphate treatments were significant at P < 0.05 (*) 
or < 0.01 (**), and trends are linear (L), quadratic (Q), or cubic (C). 
* Means among groups within columns are significantly different by F-test, P < 0.01. 
Table 2.2. Total P and NO3-N leached per pot of Tied Sails' poinsettia as a function of 
different levels of P from ordinary superphosphate incorporated in the medium at potting 
time. 
Treatment Leaching 
Total Total P Total NO3-N 
Superphosphate leachate/pot leached/pot leached/pot 
(kg m'3) (mL) (mg) (mg) 
0.59 28091' 2.7* 10813" 
1.78 1777 2.1 757 
2.97 2122 2.7 814 
4.15 1737 2.7 648 
5.34 1916 2.9 666 
Significance2 l“,q" c* 
_ ** _ * 
L ,Q 
2 Effects of increasing superphosphate treatments were significant at P < 0.05 (*) 
or < 0.01 (**), and trends are linear (L), quadratic (Q), or cubic (C). 
y Means within column are significantly different by F-test, P < 0.01. 
* Means within column are significantly different by F-test, P < 0.05. 
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Fig. 2.1. Average leachate per pot of'Red Sails' poinsettia, at sample times, per P 
treatments from 20% SP incorporated in the medium at potting time. 
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Fig. 2.3. Average N03-N leached per pot of'Red Sails' poinsettia, at sample times, 
per P treatments from 20% SP incorporated in the medium at potting time. 
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CHAPTER 3 
EFFECTS OF REDUCING PHOSPHORUS FROM SUPERPHOSPHATE 
ON GROWTH OF PETUNIA 
IN THREE GROWTH MEDIA 
Abstract 
TJltra Red' petunia (Petunia x hybrida) plants were grown in a glasshouse for 56 
days to evaluate the effects on growth resulting from reduced levels of phosphorus (P), to 
analyze the resulting leachate for P, and to determine if nitrate-nitrogen (NO3-N) leaching 
was altered by plant growth effects caused by the reduced P. Three P treatments 
consisting of 74, 297, or 519 g of ordinary superphosphate (20% P2O5) (SP) per cubic 
meter of medium were incorporated at potting time in three different soilless growth 
media: Fafard Mix 3B, Metro-Mix 510, and a custom-blend of sphagnum peatmoss, 
perlite, and vermiculite. Pots were suspended in containers used to collect leachate, and 
plants were irrigated every three or four days with a solution of 20N-0P-16.6K water- 
soluble-no-P fertilizer (WSOPF). Supplemental watering was used as necessary between 
scheduled irrigations. All plants received equal volumes of water. Leachate was 
collected from each pot and analyzed for P and NO3-N. Symptoms (chlorosis, necrosis, 
and stunting) of P deficiency were detected in all plants at the lowest P level and in plants 
grown in the custom-blended medium at all P levels. Growth increased as the P level 
increased from 74 to 297 g m*3 SP. Plant height did not increase further as P levels were 
increased from 297 to 519 g m’3 SP. Plants grown in the custom-blended medium were 
smaller at all P levels. There was no significant interaction among the P treatments and 
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media for plant height, diameter, or leaf tissue P content. Total leachate decreased 
significantly as the P level increased. The amount of P leached increased significantly 
with increased P level with the majority of P leaching taking place within 35 days after 
i 
potting (DAP). There was a significant decrease in NO3-N leached as P level increased. 
There was no interaction among P levels and media for total P leached but there was 
significant interaction among P levels and media for total leachate and for total NO3-N 
leached. This research shows that high-quality 'Ultra Red' petunia can be grown at 
reduced P levels without the use of chemical growth regulators, that a commercial growth 
medium with a starter charge that includes P should be used, and that the smaller, less- 
developed plants grown in the custom-blended medium permitted the most leaching of 
NO3-N. 
Introduction 
Plant quality, a subjective measure demanded by today's consumer, includes but is 
not limited to compact growth, freedom from disease, and a well-developed root system. 
"Bedding plant" is a term used to define annual plants that are generally used for m^ss 
planting in garden beds (Armitage, 1983) and includes flowering plants as well as 
vegetable plants. Petunias are popular bedding plants grown, for their showy flowers 
(Dole and Wilkins, 1999), as containerized crops in greenhouses under production 
conditions. 
Generally, greenhouses have earthen floors. Under production conditions, 
leachate from containers is allowed to fall to the earthen floors (Biembaum, 1992) where 
it may be subject to entering the surface and ground water systems (Evans and Cabrera, 
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1992; McAvoy et al., 1992; McAvoy, 1994) with the potential for contributing to nutrient 
and pesticide pollution of the waters (Djodjic et al., 2004; Sims et al., 1998). 
Typically, growers use more P than is required for the growth of quality 
container-grown plants (Borch et al., 1998; Broschat and Klock-Moore, 2000; Cox, 
1999a, 1999b, 2000, 2002). Broschat and Klock-Moore (2000) reported that tomato, 
marigold, and bell pepper plants were stunted with no supplement P; however, root dry 
weight for tomato and marigold remained relatively constant as P was increased from 0 to 
64 mg wk'1, and bell pepper showed only a slight increase in root dry weight as P was 
increased from 0 to 8 mg- wk'1. These authors also reported that shoot growth responded 
to increased P but at deficiency levels only. Cox (1999a, 2000) suggests that by carefully 
managing P deficiency, it may be possible to achieve a desirable suppression in growth 
(compact growth) of bedding plants without the use of chemical growth regulators and 
without foliar symptoms of P deficiency. 
Phosphorus, when incorporated as a granular fertilizer in the form of SP in 
soilless media is leached readily (Cole and Dole, 1997; Dole et al. 1992; Marconi and 
Nelson, 1984; Yeager and Barrett, 1984, 1986). In one study, 45% (340 mg) of P added 
as SP to a 1-L pot of soilless growth medium was lost within 13 days when irrigated daily 
with 250 mL of water (Cole and Dole, 1997), and in another, approximately 37% (87 mg) 
of P added as SP to a 2-L pot of a peat moss:vermiculite (1:1, v:v) medium was leached 
after 10 flushings with 105 mL of water over 16 weeks (Marconi and Nelson, 1984). 
There were three objectives of this research: 1) to determine the effects that 
reducing P from SP had on plant growth and P nutrient status of a typical bedding plant, 
2) to determine to what extent the type of growth medium might influence the effects of 
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reducing P by using three different growth media, and 3) to determine if P leaching and 
NO3-N leaching are affected by plant growth effects caused by reduced P or as a result of 
the different media used. 
Materials and Methods 
On 7 March 2002, seeds of'Ultra Red' petunia (P. x hybrida) (Geo. W. Park Seed 
Co. Inc. Greenwood, S.C.) were sown in 144-cell plug trays containing Metro-Mix 360 
Growing Medium; 37%-47% medium-grade horticultural vermiculite, 31%-45% 
Canadian sphagnum peat moss, and 12%-25% patented, processed bark ash by volume 
(Scotts-Sierra Horticulture Products Company Marysville, Ohio). This medium was 
listed by the manufacturer as being "Exceptional for propagation of seeds..." Seedlings 
were transplanted 8 April 2002 in 10-cm diameter (500 mL) standard pots containing one 
of three different soilless growth media: 1) Fafard Mix 3B consisting of 45% peat moss, 
15% perlite, 15% vermiculite, and 25% pine bark by volume (Conrad Fafard, Inc. 
Agawam, Mass.); 2) Metro-Mix 510 Growing Medium consisting of 40%-50% 
composted pine bark, 25%-30% medium-grade horticultural vermiculite, 15%-20% 
Canadian sphagnum peat moss, and 7%-20% patented processed bark ash by volume 
(Scotts-Sierra Horticulture Products Company Marysville, Ohio); and 3) a custom- 
blended medium consisting of sphagnum peat moss, perlite, and vermiculite (2:1:1 by 
volume) with 2.97 kg m' dolomite limestone and 0.59 kg m‘ KNO3. These media were 
chosen as representative of media commonly used by growers in Massachusetts (D. A. 
Cox, University of Massachusetts, Amherst, personal communications). Commercial 
growth media, such as the ones used in this experiment and commonly used in 
greenhouse operations, often contain proprietary starter charges that may include some P. 
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The custom-blended medium used here contained no P in the starter fertilizer, thus, 
eliminating the starter fertilizer as a source of P. 
Three P treatments were prepared in advance of transplanting by incorporating SP 
in each growth medium at the rate of 74, 297, or 519 g m'3. These rates provided 
approximately 3, 13, or 23 mg P per pot per medium respectively (See Appendix A for 
Metric to Common Units). Treatments were based on previous work with petunias in this 
laboratory (D.A. Cox, University of Massachusetts, Amherst, personal communications). 
A rate of approximately 3 kg m' of SP is used commonly as a pre-plant fertilizer when 
providing P for an entire crop length (Nelson, 2003). 
Eight single-plant replicates per treatment per medium were transplanted using 
the largest, most uniform-size plugs. After transplanting, the plants were irrigated 
thoroughly using tap water and suspended in opaque, leachate-collection containers. 
Once the plants were established, after about one week, five of the most-uniform 
replicates per treatment per medium were selected and arranged randomly on a 
greenhouse bench. 
Equal volume of a 20N-0P-16.6K (11% N03-N, 9% urea-N) WSOPF (Peters Hi- 
Cal Peat-Lite; The Scotts Company, Marysville, Ohio) solution, with N at 150 ppm 
(mg-L'1) was applied to the plants every three or four days (Mondays and Thursdays) 
according to a predetermined schedule. The volume of WSOPF solution required varied 
at irrigations due to growth and environmental conditions. How much solution to apply 
was determined as the volume required for irrigating the plants while providing a small 
amount of leaching. If additional water was necessary between scheduled irrigations, tap 
water was added to each pot; the volume was determined as the amount needed to 
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supplement treatment irrigation but not cause leaching. Thus, the same volume of 
irrigation solution was applied to all plants during the experiment whether it was fertilizer 
or tap water. A total of 3.14 L of WSOPF (259 mg N03-N) and 2.3 L of tap water were 
used per pot during the experiment. 
At regular intervals throughout the experiment, leachate was collected from each 
collecting container; the volumes of leachate were measured, and a sample was retained 
for analysis of P and NO3-N. The concentration of P (as PO4-P) in the leachate was 
determined using a commercial ascorbic acid test manufactured by Hach Company 
(Loveland, Colo.), a modification of the original ascorbic acid test developed by Chen et 
al. (1956). The concentration of NO3-N was determined potentiometrically by ion- 
selective electrode (ISE) (Barker, 1974; Mills, 1980) using a Cole-Parmer nitrate ISE 
(catalog no. 27502-31; Cole-Parmer Instrument Company, Vernon Hills, Ill.). These 
data, along with the total volume of leachate collected per pot, were used to calculate the 
total amount of P and NO3-N leached per pot. 
At the completion of the experiment, 56 DAP, the plants were measured for total 
height and width (two measurements; widest and at right angle). Three large leaves were 
sampled from the middle of three stems of each plant and dried at 75 °C until a constant 
weight was achieved, for dry weight and tissue analysis. To assess total dry weight, the 
entire shoot (leaves, stem, and flowers) was taken from each plant and dried at 75 °C until 
a constant weight was achieved. Leaf tissue was ground using a rotary mill with a 20- 
mesh screen and dry ashed (Appendix B) in preparation for analysis. Tissue analysis for 
P was performed at the Soil and Plant Tissue Testing Laboratory, West Experimental 
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Station, University of Massachusetts, Amherst, by Inductively Coupled Plasma (ICP) 
Emission Spectroscopy. 
The experiment was conducted in a glass greenhouse maintained as close as 
possible to 22/17 °C (day/night) temperature. Three different growth media, three P 
treatments per medium, and five single-plant replicates per treatment were arranged in a 
completely random experimental design. Data were subjected to analysis of variance 
(ANOVA), regression analysis on significant treatment effects, and mean separation on 
significant media effects with Sigma Stat statistical software (SPSS Inc., Chicago, Ill ). If 
an interaction was significant, the main effect of primary interest, which was the amount 
of P applied, was separated within each level of main effect of secondary interest, which 
was the medium, and that main effect was separated over all other effects. 
Results 
Chlorosis and necrosis were observed on the lower leaves of plants grown in all 
three media at the lowest P level and in plants grown in the custom-blend medium at all P 
levels. The first plants to show flowers were grown in Fafard Mix 3B at various P 
treatments, and the last four plants to flower were grown in the custom-blended medium 
at the lowest P treatment. There was a significant difference in plant height, plant 
diameter, plant dry weight, and tissue P content (Table 3.1) among the treatments with 
the lowest P level producing the smallest plants and the highest P level producing the 
largest plants. There was no significant difference in the size of the plants grown in 
either Fafard Mix 3B or Metro-Mix 510; but, the custom-blended medium produced 
significantly smaller plants than those grown in the other media (Table 3.1). Visual 
observation of plants grown in the custom-blended medium, regardless of P level, were 
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less appealing than plants grown with the same treatment in Fafard Mix 3B or Metro-Mix 
510. Interaction among P treatments and growth media for plant height, plant diameter, 
and tissue P content was not significant (Table 3.3). However, there was a significant 
interaction among P treatments and growth media for plant dry weight (Table 3.3) with 
the trends for Metro-Mix 510 and custom-blend media being linear and the trend with the 
Fafard Mix 3B was neither linear nor quadratic but was significant. 
Total leachate per pot decreased significantly as the P level increased (Table 3.2) 
with the greatest volume of leachate occurring with the custom-blended medium. 
Examination of Fig. 3.1 showed that the custom-blended medium was leached of 
progressively more leachate per P level than either Fafard Mix 3B or Metro-Mix 510. 
The amount of P leached increased significantly with increased P level (Table 3.2) with 
the greatest amount of leaching occurring with the Fafard Mix 3B. The majority of P 
leaching took place during the first 25 DAP (second sample time) for the lowest P level 
to 35 DAP (third sample time) for the highest P level (Fig. 3.2). There was a significant 
decrease in total NO3-N leached per pot as treatment level increased (Table 3.2) with the 
greatest amount of leaching at each sample time and each P level occurring with the 
custom-blended medium (Fig. 3.3). There was no interaction among P levels and media 
for total P leached per pot, but there was significant interaction among P levels and the 
custom-blended medium for total leachate and total NO3-N leached per pot. 
Discussion 
Growth response of'Ultra Red' petunia (Table 3.1) suggests that increasing P by 
increasing treatment levels of SP resulted in an increase in plant size. Tissue P at all 
treatment levels (Table 3.1) fell below the survey range for petunia of 0.47% - 0.93% 
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(4700 - 9300 pgg'1) (Mills and Jones, 1996). This concentration indicates that P may 
have been below the sufficiency level with all treatments. This result followed those of 
Broschat and Klock-Moore (2000) who reported that shoot growth of tomato, marigold, 
and green pepper responded to increased P but only at deficiency levels. 
Plants grown at the lowest P level in Fafard Mix 3B, Metro-Mix 510, or at any P 
level in the custom-blended medium could not be considered high-quality plants due to 
the chlorosis and necrosis that resulted, most likely, from P deficiency. Figure 3.2 shows 
that after the initial sample of leachate, the amount of P leached at each treatment level 
was always less for the custom-blended medium than with Fafard Mix 3B or Metro-Mix 
510. This result may indicate that the custom-blended medium had less P available to 
leach and therefore less available for plant growth. The lack of a P-containing starter 
charge in the custom-blended medium may explain the difference. The leaching of P 
among the P levels (Fig. 3.2) was similar to the findings of Cole and Dole (1997) who 
reported that 45% (340 mg from a 1-L pot) of P added as SP to a soilless medium was 
lost within 13 days when pots were irrigated daily with 250 mL of water; and Marconi 
and Nelson (1984) who demonstrated that approximately 37% (87 mg from a 2-L pot) of 
P added as SP to a peat moss:vermiculite (1:1, v:v) medium was leached after 10 
flushings with 105 mL of water. The results of Cole and Dole (1997) and Marconi and 
Nelson (1984) were obtained from studies where no plant material was used. Some 
valuable data may not have been obtained in the beginning of this experiment, as leachate 
was not collected from the initial irrigation at transplanting time. However, when the 
initial leachate was collected (14 DAP) it was as if there was no plant material present 
because the root ball had not permeated substantially into the medium. Once roots 
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expanded and began to absorb P, probably less P was available in the soluble form for 
leaching. Although sufficient solution was applied at irrigations to cause leaching from 
all pots in this study, leaching fraction was not a consideration. What was more 
important was that all pots were irrigated equally, applying the same amount of N to each 
plant. The difference in leachate volume among individual plants was probably caused 
by different rates of evaporation from the surface of the pots and plant transpiration 
resulting from a difference in plant development caused by different P treatments. 
All plants received the same amount of N; the difference in NO3-N leached (Table 
3.2) may be a measure of the use of N by the individual plants. It was clear that after the 
initial sampling (Fig. 3.3), more NO3-N leached through the custom-blended medium at 
most P levels than through the other media. This occurrence may have been the result of 
smaller plants grown in the medium with reduced P nutrition available than in the media 
with greater amounts of P fertilization. Since P was limiting, less N may have been 
required for plant development. The NO3-N not used by the plants was leached. 
It is not known how much larger Ultra Red' petunia would have grown if a 
greater level of P had been supplied and therefore, how much effect on growth these P 
levels might have had. However, this research showed that high-quality Ultra Red' 
petunias could be grown successfully at reduced levels of P, from SP, in a growth 
medium that contains a starter fertilizer that includes some P, without using chemical 
growth regulators, that media can have an influence on plant growth, and that the amount 
of nutrients leaching from the pots, such as those containing the small, poorly developed 
plants grown in the custom-blended medium leached the most NO3-N. Therefore, a 
commercial medium with a starter charge that includes some P is recommended. 
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Table 3.1. Growth response of TTtra Red' petunia to different levels of P from ordinary 
superphosphate incorporated in three different growth media at potting time. 
Treatment _Measurement of Growth_ 
Leaf 
Plant ht Plant diam Dry w eight Tissue P 
(cm) (cm) (g) (Hgg‘) 
Superphosphate 
(gm3) 
74 22.T 29.6 6.7 628 
297 25.7 33.9 8.3 817 
519 25.7 35.0 9.1 1054 
Significance3 L~ L~ L~ L" 
Media 
Fafard Mix 3B 25.6ax 34.3a 9.2a 914a 
Metro-Mix 510 26.3a 36.4a 9.5a 956a 
Custom-blend 22.1b 27.9b 5.5b 629b 
r Effects of increasing SP treatments were significant at P < 0.01 (**) and are linear (L). 
y Means among groups within columns are significantly different by F-test. P < 0.01. 
* Means within the same columns followed bv different letters are significantly 
different by Tukevs HSD (P = 0.05). 
41 
Table 3.2. Total leachate, total P, and total NO3-N leached per pot of’Ultra Red' petunia 
as a function of P from ordinary superphosphate incorporated in three different growth 
media at potting time. 
Treatment Measurement of leaching 
Total leachate Total P Total NO3-N 
vol/pot leached/pot leached/pot 
(mL) (mg) (mg) 
Superphosphate 
(g m'3) 
74 1529*’ 0.9 124 
297 1011 1.1 76 
519 962 1.4 73 
Significance2 L" L” L* 
Media 
Fafard Mix 3B 970bx 1.3a 75b 
Metro-Mix 510 775c 1.0b 50c 
Custom-blend 1756a 1.2ab 148a 
z Effects of increasing SP treatments were significant at P < 0.05 (*) or 0.01 (**) and 
are linear (L). 
J Means among groups within column are significantly different by F-test, P < 0.01. 
x Means within the same columns followed by different letters are significantly 
different by Tukey's HSD (P = 0.05). 
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Table 3.3. Interaction among treatments and media on dry weight, total leachate per pot, 
and total NO3-N leached per pot of TJltra Red' petunia to three different levels of P from 
ordinary superphosphate incorporated in three different growth media at potting time. 
Treatment Media 
Superphosphate 
(gnT3) Fafard 3B Metro-Mix 510 Custom-blend 
Dry wt (g) 
74 8.4 8.6 3.0 
297 9.6 9.5 5.7 
519 9.4 10.3 7.8 
Significance2 * L" L” 
Total leachate/not (mL) 
74 1099 883 2604 
297 840 729 1462 
519 970 714 1201 
Significance ns ns L~,<T 
Total NCh-N leached/not (mg) 
74 83 50 240 
297 66 48 113 
519 76 52 91 
Significance ns ns L"Cf 
2 Effects of increasing SP treatments were significant at P < 0.05 (*) or 0.01 (**), and 
trends are linear (L), quadratic (Q), or are not significant (ns). 
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CHAPTER 4 
EFFECTS OF REDUCING PHOSPHORUS IN WATER-SOLUBLE FERTILIZER 
ON GROWTH OF POINSETTIA: Experiment 1 
Abstract 
’Bright Red Sails' poinsettia (.Euphorbiapulcherrima Willd. ex Klotzsch) were 
grown in a glasshouse for 115 days in a soilless medium to evaluate the effects on growth 
resulting from reduced levels of phosphorus (P), to analyze the resulting leachate for P, 
and to determine if nitrate nitrogen (NO3-N) leaching was influenced by plant growth 
effects caused by the reduced P. Five P treatments were applied as different 
combinations of 15N-2.18P-20.75K water-soluble-P fertilizer (WSPF) and 20N-0P- 
16.6K water-soluble-no-P fertilizer (WSOPF). Pots were suspended in leachate collecting 
containers and plants were irrigated with these solutions every three or four days 
according to a predetermined schedule. Supplemental watering was used as necessary 
between scheduled treatments. All plants received the same volume of irrigation 
solution, whether fertilizer or tap water. Leachate was collected from each pot, 
measured, and retained for analysis of P and NO3-N. Symptoms of P deficiency were not 
detected in foliage or bracts. Plant size and bract size increased to a maximum as P 
increased but were reduced with further increase in P above that required for peak 
growth, perhaps an indication of excess P and possible injury to plants. All plants and 
bracts were visually acceptable in size regardless of P treatment. There was a significant 
difference in total P leached among the levels of P applied; however, P leaching was 
relatively constant within treatments throughout. Nitrate leaching was greater from the 
47 
small plants that resulted from the lower P treatment levels. However, elevated N03-N 
leached at the highest P treatment level may point to possible injury of plants resulting 
from excess P. This research shows that 'Bright Red Sails' poinsettia grown with reduced 
P retain acceptable bract size and are more compact than those grown with 
conventionally accepted levels of P. 
Introduction 
Research by Borch et al., 1998; Broschat and Klock-Moore, 2000; and Cox, 
1999a, 1999b, 2000, 2002 has showm that container-grown plants require less P than is 
typically used for optimal growth. By reducing P nutrition, it may be possible for 
growers to produce compact plants, desired by consumers, and realize an economical 
benefit. In addition, if less P is used to control growth, the plant requirement for N may 
be altered. In greenhouse and nursery environments using overhead irrigation, excess 
irrigation solution is applied to container plants to flush away and prevent accumulation 
of salts (Biembaum, 1992). In general, greenhouses and nurseries have earthen floors 
and nutrients leached from the use of excess solution fall to the floor and could be subject 
to entering the surface and ground water systems (Djodjic et al., 2004; Evans and 
Cabrera, 1992; McAvoy et al., 1992; McAvoy, 1994; Sims et al., 1998). There were two 
objectives to this research: 1) to determine the effects that reducing P from water-soluble 
fertilizer had on plant growth, P nutrient status, and P leaching of poinsettia under 
different P regimes using a commercial soilless growth medium and 2) to determine 
whether or not P-mediated changes in plant growth affected NO3-N leaching. 
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Materials and Methods 
Fifty rooted 'Bright Red Sails' poinsettia cuttings (E. pulcherrimci) (Paul Eche 
Ranch, Encinitas, Calif.) were potted 1 Aug. 2002 in 15-cm-diam. (1.5 L) pots containing 
a commercial soilless growth medium (Fafard Mix 3B; 45% peat moss, 15% perlite, 15% 
vermiculite, and 25% bark by volume; Conrad Fafard, Inc. Agawam, Mass.). This 
medium is one of the commonly used media in the greenhouse industry in Massachusetts 
(D.A. Cox, University of Massachusetts, Amherst, personal communication). 
Phosphorus treatments were applied as combinations of 15N-2.18P-20.75K 
(10.83% NO3-N, 4.17% NH4-N) WSPF (Peters Poinsettia Peat-Lite Special; The Scotts 
Company, Marysville, Ohio) and 20N-0P-16.6K (11% NO3-N, 9% urea-N) WSOPF 
(Peters Hi-Cal Peat-Lite; The Scotts Company, Marysville, Ohio). These fertilizers were 
selected because of their close similarity in percent NO3-N. Fertilizers were mixed at 
concentrations of 250 ppm (mg-L'1) N, typical for poinsettias (Dole and Wilkins, 1999; 
Hartley, 1992); and were applied at three- or four-day (Monday and Friday) intervals 
according to a predetermined schedule. Treatment 1 used WSPF for every application. 
Treatment 2 used WSPF every second application alternating with WSOPF; treatment 3 
used WSPF every third application alternating with WSOPF; treatment 4 used WSPF 
every fourth application alternating with WSOPF; and treatment 5 used WSPF every fifth 
application alternating with WSOPF. Treatments were formulated after previous 
experiments with poinsettias in this laboratory (D.A. Cox, University of Massachusetts, 
Amherst, personal communication). 
Plants were irrigated thoroughly at potting using tap water and placed under 40% 
shade cloth in a glass greenhouse to become established. Irrigation with tap water was 
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continued as needed for the next 10 days after potting (DAP). Water-soluble-no-P 
fertilizer was applied two times by aspirational metering (hozon proportioner; 
Phytotronics, Inc., Earth City, Mo.) to supply N during the first 10 DAP. A broad- 
spectrum fungicide (Banrot; Scotts-Sierra Corp Protection Company, Marysville, Ohio) 
was applied as a drench; at five DAP to prevent fungal diseases of the stem and roots. 
Leachate was not collected during this period. 
At 11 DAP, 40 of the most uniform plants, eight plants per treatment, were moved 
from under the shade cloth and placed in a completely random design on a greenhouse 
bench for treatment applications. The plants were suspended in tight-fitting opaque 
containers that were used to collect leachate for analysis. At scheduled irrigations, an 
equal volume of treatment solution was applied to each plant. The volume of solution 
required varied at each irrigation, due to growth and environmental conditions; and was 
determined as the volume required to irrigate the plants and provide a small amount of 
leaching. If additional water was needed between scheduled irrigations, an equal volume 
between 200 and 300 mL of tap water was applied to all pots. The volume was 
determined to supplement irrigation and not cause leaching. Thus, the same volume of 
irrigation solution was applied to all plants during the experiment whether it was water- 
soluble fertilizer (WSF) solutions or tap water. A total of 11.6 L of WSF and 2.6 L of tap 
water were used per pot during the experiment. At 18 DAP, the top portion of the plants 
were pinch, leaving five or six nodes, to induce branching. 
At regular intervals throughout the experiment, the leachate collecting containers 
were emptied; the volumes were measured, and a sample of each was retained for 
analysis of P and NO3-N. The concentration of P (as PO4-P), in the leachate was 
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determined using a commercial ascorbic acid test manufactured by the Hach Company 
(Loveland, Colo.), a modification of the original ascorbic acid test developed by Chen et 
al. (1956). The concentration of NO3-N was determined by ion-selective electrode (ISE) 
(Barker, 1974; Mills, 1980) using a Cole-Parmer nitrate ISE (catalog no. 27502-31; Cole- 
Parmer Instrument Company, Vernon Hills, Ill.). These data along with the total volume 
of leachate collected per pot were used to calculate the total amount of P and NO3-N 
leached per pot. 
At the completion of the experiment, 115 DAP, plants were measured for total 
height, width (two measurement; widest and at right angles to this axis), and top-most 
bract diameter (two measurements taken at right angles to each other). Nine green-leaf 
samples (recently matured just below the colored bracts) were taken from each plant 
(three leaves each taken from three stems) for dry weight and tissue analysis. To assess 
dry weight, the entire shoot (leaves, stem, and bracts) was taken and dried at 75° C until 
constant weight was achieved. Leaf tissue was ground using a rotary mill with a 20-mesh 
screen and dry ashed (Appendix B) in preparation for analysis. Tissue was analyzed for 
P at the Plant Tissue Testing Laboratory, West Experimental Station, University of 
Massachusetts, Amherst, by Inductively Coupled Plasma (ICP) Emission Spectroscopy. 
The experiment was conducted in a glass greenhouse maintained as close as 
possible to 22/17 °C (day/night) temperature. There were eight single-plant replicates per 
treatment arranged in a completely randomized design. Data were subjected to analysis 
of variance (ANOVA) and regression analysis using Sigma Stat statistical software 
(SPSS Inc., Chicago, Ill). 
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Results 
There were no symptoms, such as discoloration or lesions, due to P deficiency in 
foliage or bracts. However, plant growth, bract diameter, and shoot dry weight were 
affected significantly by different levels of P (Table 4.1 and 4.2). Plant height, plant 
diameter, and shoot dry weight generally increased as P increased, reaching a maximum 
at 232 mg of P applied, then decreased with further increase in P. Bract diameter 
increased with increased P, reaching a maximum at 143 mg of P applied, then decreased 
with further increase in P. All plants had bracts of acceptable size. There was a 
significant difference in plant accumulation of P in response to treatment levels. As P 
was increased, leaf content of P increased. 
Total P leached per pot was significantly different among treatment levels (Table 
4.3). More P was leached at the maximum P treatment; however, considerable P was 
leached at the lowest treatment level or the middle level. Between the last two sample 
times of the experiment, it appeared that P leaching was increasing from all treatment 
levels (Fig. 4.1). 
There was a significant difference in total NO3-N leached per pot among 
treatments (Table 4.3). The trend for NO3-N leaching as a function of P treatment was 
similar to total leachate in response to treatments, and both followed a quadratic 
regression (Table 4.3). 
Discussion 
The growth response of’Bright Red Sails’ poinsettia to different levels of P from 
WSPF suggests that increasing levels of P lead to generally taller plants (Table 4.1). 
Plant height was reduced at the highest level of P relative to that occurring at the lower 
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levels of P nutrition. This trend followed similar results by Broschat and Klock-Moore 
(2000) and Whipker and Hammer (1994) who reported a reduction in plant size as P was 
increased to excess. Whereas Whipker and Hammer (1994) found bract edge necrosis 
due to excess P, there was no necrosis in this study. Perhaps the highest P level used in 
this experiment was just approaching excess and had not yet reached a symptomatic, 
injurious level for this cultivar of poinsettia. 
Leaf tissue P was within the established sufficiency range for poinsettia, of 0.2% 
to 1.0% (2000 to 10000 pg g’1) (Mills and Jones, 1996), at all treatment levels suggesting 
that P sufficiency had been realized. The results of this experiment did not agree with the 
results of Broschat and Klock-Moore (2000) who reported that shoot growth of tomato, 
marigold, and green pepper responded to increased P but at deficiency levels only. Shoot 
growth for this cultivar of poinsettia may continue to increase with added P until excess 
is reached. 
Plants treated with low levels of P were visually acceptable in size and had bracts 
that appeared as large as the bracts on plants that were treated with higher levels of P. 
These results are similar to those reported in Chapter 2, where granular superphosphate 
rather than WSPF was used as the source for P, and agree with Cox (1999b), who 
reported that poinsettias grown with reduced P produce acceptable-sized plants without 
exhibiting symptoms of P deficiency. The maximum difference in the height of plants 
treated with different levels of P was 5.1 cm (Table 4.1) and the maximum difference in 
the bract diameters of these same plants was 1.7 cm. This difference in overall plant 
dimensions may have lead to the inability to detect visible differences among the plants 
and suggests that small bracts on small plants may give the same acceptable appearance 
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as large bracts on large plants. Phosphorus deficiency symptoms were not observed 
during this experiment, but there were signs pointing to the possibility that excess P may 
have been reached. Therefore, it may be desirable in the future to reduce the whole range 
of treatments for this cultivar of poinsettia to where deficiency symptoms are observed. 
Unlike the results reported in Chapter 2, and those reported by Cole and Dole 
(1997) and Marconi and Neilson (1984), where large amounts of P from SP used as pre¬ 
plant P can be leached within the first few weeks of commencing irrigation; P leaching 
with WSPF occurred at a relatively constant level throughout this experiment (Fig. 4.1). 
Thus, a constant level of P was available to each plant at each treatment level as the 
fertilizer solution supplied a constant amount of available P. The total quantity of P 
leached per pot reflected the amount of leachate collected per pot; as total leachate 
increased, P leached increased (Table 4.3). This observation was perhaps the result of 
excess P applied. Although sufficient solution was applied at irrigations to cause some 
leaching from all pots, leaching fraction was not a consideration. It was more important 
that all plants be irrigated equally, applying the same amount of N to each plant. 
Evaporation from the surface of pots and differences in transpiration resulting from 
differences in plant development may be responsible for the difference in P leached 
among the plants. 
Nitrate-N in leachate is a consequence of NO3-N not used by the plant. The 
difference in the NO3-N leached among the plants may be an indication of differences in 
requirement for NO3-N by the individual plants resulting from the treatments applied 
(Table 4.3). At the first sample time (Fig. 4.3), there was relatively little NO3-N leached 
per pot, perhaps reflecting the need for NO3-N by the plants. As the plants developed. 
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more NO3-N was leached, possibly resulting from less of a need for this form of N or for 
N in general. At the fourth sample time (Fig. 4.3), it appeared that more NO3-N was 
being leached from plants treated with the low P level, perhaps this was due to smaller, 
less developed, plants that resulted from the reduced P. The overall level of NO3-N 
leaching at the highest P treatment level (Table 4.3) may have reflected that excess P was 
applied and the possibility of the beginning of plant injury or simply the fact that more 
NO3-N than necessary was applied as part of the treatment. If high-quality poinsettias 
that require less NO3-N can be produced using lower levels of P, than it may be possible 
to reformulate fertilizer solutions using lower concentrations of N. Leachate is generally 
allowed to fall to the floor of greenhouses. By reducing P and NO3-N in leachate, the 
chance of these elements ending up in surface or groundwater might be reduced. 
This research showed that Bright Red Sails' poinsettia grown with reduced P 
from combinations of WSPF and WSOPF are generally more compact than when grown 
with continuous feed of WSPF only and retain acceptable bract diameter. 
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Table 4.1. Growth response of'Bright Red Sails' poinsettia to different levels of P from 
15N-2.18P-20.75K WSPF. 
Treatment Measurement of Growth 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
Plant ht 
(cm) 
Plant diam 
(cm) 
Bract diam 
(cm) 
7 17.5 93 33. V 54.6* 25.9* 
8 14 117 34.1 57.0 25.8 
11 10.5 143 35.8 55.1 28.5 
16 7 232 38.2 59.9 27.6 
31 3.5 427 36.1 56.9 27.2 
Significance2 
^ _ ** 
L,Q Q* Qt* 
z Effects of increasing P treatments were significant at P< 0.05 (*) or 0.01 (**) and 
are linear (L), quadratic (Q), or quartic (Qt). 
y Means among groups within columns are significantly different by F-test, P < 0.01. 
x Means among groups within columns are significantly different by F-test, P < 0.05. 
Table 4.2. Shoot dry weight and leaf tissue P response of'Bright Red Sails' poinsettia to 
different levels of P from 15N-2.18P-20.75K WSPF. 
Treatment_ _Measurement of Growth 
No. of 
applications 
Avg days 
between app. 
Total P 
per pot 
(mg) 
Shoot 
dry weight 
(g) 
Leaf 
tissue P 
(ggg1) 
7 17.5 93 32.4^ 2883-’’ 
8 14 117 32.4 3277 
11 10.5 143 31.2 3773 
16 7 232 37.4 4272 
31 3.5 427 35.9 6875 
Significance2 L\Q* L**,C** 
z Effects of increasing P treatments were significant at P < 0.05 (*) or 0.01 (**) and 
are linear (L), quadratic (Q), or cubic (C). 
y Means among groups within columns are significantly different by F-test, P < 0.01 
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Table 4.3. Total P and NO3-N leached per pot of'Bright Red Sails' poinsettia as a 
function of different levels of P from 15N-2.18P-20.75K WSPF. 
Treatment Leachinu 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
NO3-N 
applied/pot 
(mg) 
Total leachate 
vol/pot 
(mL) 
Total P 
leached/pot 
(mg) 
Total NO3-N 
leached/pot 
(mg) 
7 17.5 93 1724 2042^ 5.9V 850* 
8 14 117 1752 1592 5.1 676 
11 10.5 143 1782 1969 6.6 795 
16 7 232 1887 1504 5.8 658 
31 3.5 427 2115 2054 7.7 862 
Significance1 Q* L* Q” 
z Effects of increasing P treatments were significant at P < 0.05 (*) or 0.01 (**) and are 
linear (L) or quadratic (Q). 
y Means among groups within columns are significantly different by F-test, P < 0.05. 
x Means among groups within the column are significantly different by F-test, P < 0.01. 
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Fig. 4.1. Average leachate per pot of'Bright Red Sails' poinsettia, at sample times, 
per P treatments from 15N-2.18P-20.75K WSPF. 
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Fig. 4.2. Average P leached per pot of'Bright Red Sails' poinsettia, at sample times, 
per P treatments from 15N-2.18P-20.75K WSPF. 
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Fig. 4.3. Average N03-N leached per pot of'BrightRed Sails' poinsettia, at sample 
times, per P treatments from 15N-2.18P-20.75K WSPF. 
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CHAPTER 5 
EFFECTS OF REDUCING PHOSPHORUS IN WATER-SOLUBLE FERTILIZER 
ON GROWTH OF GERANIUM IN THREE GROWTH MEDIA 
Abstract 
Seed-propagated 'Ringo 2000' zonal geranium (Pelargonium x hortorum Bailey) 
were grown in a glasshouse for 79 days to evaluate the effects on growth resulting from 
reduced levels of phosphorus (P), to analyze the resulting leachate for P, and to determine 
if nitrate-nitrogen (NO3-N) leaching was influenced by plant growth effects caused by 
reduced P. Phosphorus treatments were applied, as combinations of 15N-2.18P-20.75K 
water-soluble-P fertilizer (WSPF) and 20N-0P-16.6K water-soluble-no-P fertilizer 
(WSOPF), to plants potted in three different soilless growth media: Fafard Mix 3B, 
Metro-Mix 510, and a custom-blend of sphagnum peatmoss, perlite, and vermiculite. 
Pots were suspended in leachate collecting containers and plants were irrigated every 
three or four days according to a predetermined schedule. Supplemental watering was 
done as necessary between scheduled treatments. All plants received the same volume of 
irrigation solution, whether fertilizer or tap water. Leachate was collected from each pot, 
the leachate volume was measured, and a sample was retained for analysis for P and 
NO3-N. Symptoms of P deficiency were detected as reduced leaf area on plants treated at 
the lowest P level. Leaf-edge necrosis was observed on lower leaves of some plants in all 
media and at all treatment levels. Plant height, flower-stalk length, days to first flower, 
total leachate, and total NO3-N leached were not influenced by P treatment levels. Plant 
diameter, leaf area, shoot and root dry weight, shoot and root tissue P, and total P leached 
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were influenced by treatment. There was an interaction between treatment and media for 
shoot and root tissue P and for total P leached. The use of a commercial medium 
containing a P starter charge is considered optional since media performance was variable 
among types with no one medium performing better or worse overall. This research 
demonstrated that high-quality 'Ringo 2000' geranium can be grown with reduced P, but 
caution must be exercised in the broad application of the absolute values used in this 
investigation as results may vary with cultivar, greenhouse environment, and irrigation 
method. 
Introduction 
Geranium are a very important greenhouse crop. According to the USD A 
Floriculture Crops 2005 Summary, in 36 states surveyed, geranium (from cuttings and 
seed) accounted for approximately 96 million pots sold in 2005 and provided the greatest 
value to growers at a wholesale value of $162 million (USDA, 2006). Given the 
importance of this crop and its responsiveness to nutrition, geranium is included in 
research on the effects on growth resulting from reducing the amount of P used in the 
production process. 
Borch et al. (1998), Broschat and Klock-Moore (2000), Cox (1999a, 1999b, 2000, 
2002) have shown that it may be possible to produce high-quality plants, desired by 
consumers, by using reduced P nutrition. Their research suggests that compact growth 
and well-developed root systems can be achieved by reducing P and without the use of 
plant growth regulators (PGR). In greenhouse and nursery environments where overhead 
irrigation is used, excess irrigation solution is applied to container plants to flush away 
and prevent build-up of salts (Biembaum, 1992). The salts in the leachate generally fall 
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to the floor; and, in greenhouses and nurseries with earthen floors or on unprotected soils 
outdoors, are then subject to enter the surface and ground water systems (Djodjic et al., 
2004; Evans and Cabrera, 1992; McAvoy et al., 1992; McAvoy, 1994; Sims et al., 1998). 
By reducing P nutrition, growers would realize an economical benefit; and potential 
pollution to our environment could be avoided. 
The objectives of this research were to determine the effects that reducing P from 
water-soluble fertilizer had on the growth of geranium, P nutrient status of shoots and 
roots, and P leaching using three soilless media and to determine if changes in plant 
growth due to P level have any effect on NO3-N leaching. 
Materials and Methods 
On 10 February 2004, 45 four-week-old seedlings of seed-propagated 'Ringo 
2000' zonal geranium (P. x hortorum) were transplanted into 10-cm diameter (500 mL) 
pots containing either one of two commercial soilless media or a custom-blended 
medium. Fifteen seedlings were planted in each medium. Commercial media used 
included Fafard Mix 3B; 45% peat moss, 15% perlite, 15% vermiculite, and 25% pine 
bark by volume (Conrad Fafard, Inc. Agawam, Mass.) and Metro-Mix 510 Growing 
Medium; 40%-50% composted pine bark, 25%-30% medium grade horticultural 
vermiculite, 15%-20% Canadian sphagnum peat moss, and 7%-20% patented-processed 
bark ash by volume (Scotts-Sierra Horticulture Products Company Marysville, Ohio). 
These media are commonly used in the greenhouse industry in Massachusetts (D. A. Cox, 
University of Massachusetts Amherst, personal communication). The custom-blended 
medium consisted of sphagnum peat moss, perlite, and vermiculite (2:1:1 by volume) 
with 2.97 kg m’3 dolomitic limestone and 0.59 kg m3 KNO3. Commercial growth media. 
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such as the ones used in this experiment and commonly used in greenhouse operations, 
often contain proprietary nutrient starter charges that may include some P. The custom- 
blended medium contained no P in the starter fertilizer eliminating the starter fertilizer as 
a source of P. 
Three P treatments were applied as combinations of 15N-2.18P-20.75K (10.83% 
NO3-N, 4.17% NH4-N, and P from ammonium phosphate) WSPF (Peters Professional 
Poinsettia Peat-Lite Special; The Scotts Company, Marysville, Ohio) and 20N-0P-16.6K 
(11% NO3-N, 9% urea-N) WSOPF (Peters Professional Hi-Cal Peat-Lite; The Scotts 
Company, Marysville, Ohio). These fertilizers were selected because of their close 
similarity in percent NO3-N. Fertilizer solutions were prepared at concentrations of 200 
ppm (mg-L'1) N and were applied at three- to four-day (Monday and Friday) intervals 
according to a predetermined schedule. Treatment 1 used WSPF for every application; 
treatment 2 used WSPF every third application alternating with WSOPF, and treatment 3 
used WSPF every fifth application alternating with WSOPF. 
Plants were irrigated thoroughly at potting using tap water. P. x hortorum is a 
photoperiod neutral plant (Craig, 1960; Post, 1942). In order to accelerate flowering time 
(Armitage and Tsujita, 1979; Craig and Walker, 1963) plants were placed under high- 
pressure sodium lights (on from 6:00 AM to 6:00 PM, 10 February 2004 to 7 April 2004) 
to supplement low light conditions at that time of the year. The date of first flowering 
was recorded when the first floret of the first flower cluster opened. At three days after 
potting (DAP), and again at 35 and 63 DAP, a broad-spectrum fungicide (Banrot; Scotts- 
Sierra Corp Protection Company, Marysville, Ohio) was applied as a drench to prevent 
66 
fungal diseases of the stem and roots. One week after potting, plants were suspended 
through lids of opaque containers used to collect leachate for analysis. 
At scheduled irrigations, equal volumes of fertilizer solution were applied to all 
plants. Due to growth and environmental conditions, the volume of solution required 
varied at each irrigation and was determined as the volume required to fully irrigate the 
plants and provide a small amount of leaching. If additional water was needed, between 
scheduled irrigations, 100 to 190 mL of tap water were applied to all pots. The volume 
was determined to supplement irrigation and not cause leaching. Thus, the same volume 
of irrigation solution was applied to all plants at each irrigation during the experiment 
whether water-soluble fertilizer (WSF) or tap water. A total of 4.4 L of WSF and 1.3 L 
of tap water were used per pot during the experiment. 
At regular intervals throughout the experiment, leachate was emptied from the 
collection containers; the volume was measured, and a sample was retained for analysis 
for P and NO3-N. The concentration of P (as PO4-P) in the leachate was determined 
colorimetrically as molybdovanadophosphoric acid (Greweling, 1976) (Appendix C). 
The concentration of NO3-N was determined by ion-selective electrode (ISE) (Barker, 
1974; Mills, 1980) using a Cole-Parmer nitrate ISE (catalog no. 27502-31; Cole-Parmer 
Instrument Company, Vernon Hills, Ill.). These data along with the total volume of 
leachate collected per pot were used to calculate the total amount of P and NO3-N 
leached per pot. 
At the completion of the experiment, 79 DAP, plants were measured for total 
plant height (including flowers) and width (two measurements: widest and at right angles 
to this axis). The length of the first flower stalk was measured from the base of the stalk 
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to the top of the first open floret. Leaf area was determined by measuring the area of the 
leaf subtending the first flower stalk. The entire shoot (leaves, stem, and flowers) was 
harvested for dry weight and tissue analysis for P. Roots were separated from the 
medium as carefully as possible. Small particles adhering to roots were left on the roots. 
Small fibrous root segments that adhered to or penetrated media particles remained in the 
medium. To assess dry weight, all vegetative and root tissue were dried at 75° C until a 
constant weight was achieved. Vegetative and root tissue were ground using a rotary mill 
with a 20-mesh screen, dry ashed (Appendix B), and analyzed for P (as PO4-P) as 
molybdovanadophosphoric acid (Greweling, 1976) (Appendix C). 
The experiment was conducted in a glasshouse maintained as close as possible to 
22717° C (day/night) temperature. There were five single-plant replicates per treatment 
per medium arranged in a completely randomized design. Data were subjected to 
analysis of variance (ANOVA), regression analysis on significant treatment effects, and 
mean separation on significant media effects using Sigma Stat statistical software (SPSS 
Inc. Chicago, Ill.). If an interaction was significant, the main effect of primary interest, 
which was the amount of P applied, was separated within each level of main effect of 
secondary interest, which was the medium, and that main effect was separated over all 
other effects. 
Results 
Symptoms of P deficiency in geranium, such as blotches on leaf margins and 
curling of leaf margins (Oglevee, 1998), were not detected. However, leaf area (Table 
5.1) was significantly less (stunted growth) in plants treated with the lowest level of P 
than with the other amounts of P. Leaf-edge necrosis was observed on lower leaves of 
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some plants planted in any of the three media and treated with any level of P. Leaf-edge 
necrosis in geranium can be a sign of iron or manganese toxicity resulting from low 
media pH and an abundant supply of iron or manganese (Dole and Wilkins, 1999). 
However, there were no additional signs, such as necrotic spots or chlorosis that would 
lead to speculation that these toxicities occurred, and leaf color in general appeared 
normal. 
Plant height, flower stalk length, and days to first flower were not affected 
significantly by different levels of P (Tables 5.1 and 5.2). Plant diameter, shoot dry 
weight, and root dry weight were affected significantly, with linear and quadratic trends, 
as P increased (Tables 5.1 and 5.2). Shoot P and root P rose, following a linear trend, as 
P increased (Table 5.3). 
The media had no effect on flower stalk length, days to first flower, root dry 
weight, or shoot P (Tables 5.1, 5.2, and 5.3); but plants grown in the custom-blended 
medium, were shorter, smaller in diameter, and had smaller leaf area than the plants 
grown in the commercial mixes (Table 5.1 and 5.2). Shoot weight (Table 5.2) was less 
with the Metro-Mix 510 than with the Fafard Mix 3B, and root P (Table 5.3) was less for 
plants grown in the Metro-Mix 510 or custom-blended mix than in the Fafard Mix 3B. 
There was an interaction among P levels and media for shoot P and root P (Table 5.5), 
and there was no interaction among treatment P and media for plant height, plant 
diameter, flower stalk length, leaf area, days to first flower, shoot dry weight, and root 
dry weight. 
Total leachate per pot and total NO3-N leached per pot were not affected 
significantly by treatment P level (Table 5.4). Significantly more total leaching occurred 
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with Metro-Mix 510 than with Fafard Mix 3B, and the least total leaching occurred with 
the custom-blended mix. Significantly more total N03-N was leached with Fafard Mix 
3B than with the Metro-Mix 510, and the least total N03-N occurred with the custom- 
blended mix. Total P leached per pot reflected treatment P with a linear trend (Table 
5.4). Significantly more total P was leached with Metro-Mix 510 than with Fafard Mix 
3B, and the least total P was leached with the custom-blended mix. 
Interaction occurred among treatment P and media for total P leached (Table 5.5), and no 
interaction occurred among treatment P and media for total leachate or total NO3-N 
leached. 
Discussion 
Plant height response of'Ringo 2000' geranium to the different treatment levels of 
P from WSPF suggests that height for this cultivar does not respond to increased levels of 
applied P beyond the lowest P level in this experiment (Table 5.1). Shoot P was below 
the sufficiency range fori3, x hortorum of 0.30% - 1.24% (3000 - 12400 ggg'1) (Mills 
and Jones, 1996) at the two lowest treatment levels (Table 5.3) but was within the 
sufficiency range at the highest treatment level. The lack of response of plant height does 
not follow the results of Broschat and Klock-Moore (2000) who reported that shoot 
growth of tomato, marigold, and green pepper responded to increased P supplied at 
deficiency levels. However, plant diameter did follow the results of Broschat and Klock- 
Moore (2000) as diameter increased linearly with increased P. 
Geranium requires high light conditions during early stages of growth (Fonteno, 
1992; Dole and Wilkins, 1999). Craig and Walker (1963) showed that cumulative 
lighting is a major-factor influencing flowering. With the use of supplemental lighting. 
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days to first flower (Table 5.2) were less than the normally accepted production time 
from transplanting a seedling to flower of 70 to 84 days (Dole and Wilkins, 1999). The 
amount of light (natural sun light and supplemental lighting), temperature conditions, and 
the status of the seedlings at planting time contribute to days to first flower (Dole and 
Wilkins, 1999). 
The volumes of leachate per pot at sample times (Fig. 5.1) shows that leaching 
was more a function of media type than of treatment level. Metro-Mix 510 leached the 
greatest; the custom-blended mix generally leached the least, and Fafard Mix 3B was 
intermediate. Leaching with Metro-Mix 510 or the custom-blended mix was greatest at 
the 65 DAP sampling. The supplemental lighting was turned off at day 56, eight days 
before this peak occurred and about the time when the first flowers were beginning to 
open. Perhaps plant growth slowed at that time resulting in less water uptake. Since the 
volume of irrigation solution used was chosen to limit the amount of leaching to all 
plants, the volume of irrigation solution needed for the plants grown in the Fafard Mix 3B 
may have been more than needed by the plants grown in the Metro-Mix 510 or in the 
custom-blended mix. Therefore, excessive leaching of media occurred with the Metro- 
Mix 510 or custom-blended mixes. This problem would not have occurred if only one 
growing medium had been used or if the volume of irrigation solution had been adjusted 
for each media type. 
Phosphorus leached per pot at sample times (Fig. 5.2) generally followed the 
pattern of total leachate per pot, which one would expect since the P in the fertilizer was 
water soluble and was transported with the eluate (Fig. 5.1). However, leaching per pot 
was more a function of treatment level than media type (Fig. 5.2) with the greatest 
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amount of P leaching occurring to plants with the greatest amount of P applied; hence 
verifying that the eluant transported the P. 
Nitrate nitrogen leached per pot at sample times (Fig. 5.3) generally followed the 
pattern of total leachate per pot at sample times (Fig. 5.1). This result also is a factor of 
the N being in water-soluble form and being transported by the eluate. Leaching was 
more a function of media type than treatment level. Nitrate nitrogen leached was 
generally the greatest with Fafard Mix 3B, regardless of treatment level, and the least 
NO3-N leaching occurred with the custom-blended mix. With the Metro-Mix 510, 
although starting with relatively lower amounts of leaching, total leaching was about the 
same as with the Fafard Mix 3B. 
This research showed that high-quality geranium plants can be grown with 
reduced P treatments and that other factors of interest to growers, such as days to first 
flower and flower stalk length, are not affected by the reduced P levels used in this 
experiment. Total P leached per pot was greater as treatment P increased; however, total 
NO3-N leached per pot was not significantly affected by P treatment levels. 
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Table 5.1. Influence of P from 15N-2.18P-20.75K WSPF on growth response of'Ringo 
2000' geranium grown in three growth media. 
Treatment Measurement of Growth 
Total P Flower stalk 
No. of 
applications 
Avg. days 
between app. 
per pot 
(mg) 
Plant ht 
(cm) 
Plant diam length 
(cm) (cm) 
Leaf area 
(cm2) 
5 17.5 28 35* 26x 20^ 56w 
8 10.5 45 35 27 20 68 
22 3.5 128 35 28 20 67 
Significance2 ns L** ns Q* 
Media 
Fafard Mix 3B 35.5abv 27ab 20a 65ab 
Metro-Mix 510 36.3a 28a 21a 68a 
Custom blend 33.6b 26b 19a 57b 
2 Effects of increasing P treatments were significant at P < 0.01 (**) or P < 0.05 (*) and are linear 
(L), quadratic (Q), or are not significant (ns). 
y Means within the same column are not significantly different. 
1 Means within the column are significantly different by F-test, P < 0.01. 
w Means within the column are significantly different by F-test, P < 0.05. 
vFor media, means followed by different letters within the same columns are significantly 
different by Tukeys HSD (P = 0.05). 
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Table 5.2. Influence of P from 15N-2.18P-20.75K WSPF on flowering time and dry 
weight of 'Ringo 2000' geranium grown in three growth media. 
Treatment Plant response 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
Days to 
first flower 
(floret) 
Shoot dry 
weight 
(g) 
Root dry 
weight 
(g) 
5 17.5 28 59y 15x 2.0W 
8 10.5 45 58 15 2.5 
22 3.5 128 59 16 1.2 
Significance2 ns L" L"Q" 
Media 
Fafard Mix 3B 00
 
16.1a 1.9a 
Metro-Mix 510 59a 15.1b 2.0a 
Custom blend 59a 15.6ab 1.8a 
2 Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L), 
quadratic (Q), or are not significant (ns). 
7 Means within the column are not significantly different. 
x Means within the column are significantly different by F-test, P < 0.05. 
wMeans within the column are significantly different by F-test, P < 0.01. 
vFor media, means followed by different letters within the same columns are significantly 
different by Tukey's HSD (P = 0.05). 
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Table 5.3. Influence of P from 15N-2.18P-20.75K WSPF on tissue P in 'Ringo 2000' 
geranium grown in three growth media. 
Treatment P concentration 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
Shoot 
(gg-g1) 
Root 
(ggg1) 
5 17.5 28 1595^ 875* *1 
8 10.5 45 2502 1176 
22 3.5 128 6418 3621 
Significance2 L" L~ 
Media 
Fafard Mix 3B 3492a* 2291a 
Metro-Mix 510 3481a 1851b 
Custom blend 3543a 1530b 
z Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L). 
J Means within the same columns are significantly different by F-test, P < 0.01. 
*For media, means followed by different letters within the same columns are significantly 
different by Tukey's HSD (P = 0.05). 
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Table 5.4^ Influence of P from 15N-2.18P-20.75K WSPF on leachate from 10-cm pots of 
Hingo 2000' geranium grown in three growth media. 
Treatment Measurement of leadline 
Total P Total N03-N Total leachate Total P Total N03-N 
No. of Avg. days per pot applied/pot vol/pot leached/pot leached/pot 
applications between app. (mg) (mg) (mL) (mg) (mg) 
5 17.5 28 507 1W 10.9* 18F 
8 10.5 45 537 707 14.8 191 
22 3.5 128 634 739 39.3 183 
Significance7 ns L** ns 
Media 
Fafard Mix 3B 725b" 20.4b 218a 
Metro-Mix 510 962a 29.1a 191b 
Custom blend 491c 15.6c 128c 
z Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L) 
or are not significant (ns). 
y Means within the column are not significantly different. 
x Means within the column are significantly different by F-test, P < 0.01. 
wFor media, means followed by different letters within the same columns are significantly 
different by Tukey*s HSD (P = 0.05). 
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Table 5.5. Interaction among P treatments from 15N-2.18P-20.75K WSPF and three 
growth media on shoot P, root P, and total P leached from 10-cm pots of 'Ringo 2000' 
geranium. 
Treatment Media 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) Fafard Mix 3B Metro-Mix 510 Custom-blend 
Shoot P (pg-g1) 
5 17.5 28 1830 1588 1367 
8 10.5 45 2472 2555 2479 
22 3.5 128 6174 6298 6781 
Significance2 L" L” L" 
Root P (|ig g'1) 
5 17.5 28 985 951 689 
8 10.5 45 1200 1240 1089 
22 3.5 128 4688 3364 2812 
Significance2 L" L** L~ 
Total P leached/oot (mg) 
5 17.5 28 9.7 15.1 8.1 
8 10.5 45 12.4 20.3 11.8 
22 3.5 128 39.1 51.9 26.8 
Significance2 L" L** L“ 
z Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L). 
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Fig. 5.1 Average leachate per pot of'Ringo 2000' geranium, at sample times, per P 
treatments from 15N-2.18P-2-.75K WSPF in three different growth media 
90 
80 
24 
22 
20 
18 -3 
16 
o 
o. AA 
bi) 14 
a 
S' 12 
1 10 
8 
6 -=| 
4 
2 H 
0 
P every treatment/Fafard Mix 3B 
P every treatment/Metro-Mix 510 
P every treatment/Custom blend 
P every third treatment/Fafard Mix 3B 
P every third treatment/Metro-Mix 510 
P every third treatment/Custom blend 
- - O - - p every fifth treatment/Fafard Mix 3B 
P every fifth treatment/Metro-Mix 510 
P every fifth treatment/Custom blend —A— 
.A 
”i i i | i i i i | i i i i | i i i i | i i i i | i i r i i i | i i i i | r i i i 
10 20 30 40 50 60 70 80 90 
Days after planting 
Fig. 5.2. Average P leached per pot of 'Ringo 2000' geraniums, at sample times, per 
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CHAPTER 6 
EFFECTS OF REDUCING PHOSPHORUS IN WATER-SOLUBLE FERTILIZER 
ON GROWTH OF POINSETTIA: Experiment 2 
Abstract 
Freedom Bright Red' poinsettia (Euphorbiapulcherrima Willd. ex Klotzsch) 
plants were grown in a glasshouse for 113 days in a soilless medium to evaluate the 
effects on growth resulting from reduced levels of phosphorus (P), to analyze the 
resulting leachate for P, and to determine if nitrate nitrogen (NO3-N) leaching was 
influenced by plant growth effects caused by the reduced P. Five P treatments were 
applied as different combinations of 15N-2.18P-20.75K water-soluble-P fertilizer 
(WSPF) and 20N-0P-16.6K water-soluble-no-P fertilizer (WSOPF). Pots were suspended 
in leachate-collecting containers, and plants were irrigated with these solutions every 
three or four days according to a predetermined schedule. Supplemental watering was 
used as necessary between scheduled treatments. All plants received the same volume of 
irrigation solution, whether fertilizer or tap water. Leachate was collected from each pot, 
measured, and retained for analysis of P and NO3-N. Symptoms of P deficiency were not 
detected in foliage or bracts. Plant size and bract diameter were the same regardless of P 
treatment. There was a significant difference in plant accumulation of P among P 
treatment levels, but shoot dry weight and root dry weight were not affected significantly 
by the different levels of P. There was a significant difference in total P leached among 
treatment levels. Phosphorus leaching was relatively constant over time within 
treatments at all but the highest level where there may have been an overload for the 
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plants. Total NO3-N leached generally followed the trend for total leachate collected per 
pot. The difference between NO3-N leached and that applied per pot was relatively 
constant at all treatment levels except the lowest level where the difference was greatest, 
indicating less NO3-N leached, possibly due to more being used by the plants at this 
treatment level. This research demonstrated no suppression in growth when the cultivar 
Treedom Bright Red' was grown with low levels of P. 
Introduction 
Research by Borch et al., 1998; Broschat and Klock-Moore, 2000; and Cox, 
1999a, 1999b, 2000, 2002 has shown that it may be possible for growers to produce 
compact plants, desired by consumers, and realize an economical benefit by reducing P 
nutrition. In greenhouse and nursery environments using overhead irrigation, the 
application of excess irrigation solution to container plants is necessary to flush away and 
prevent build-up of salts (Biembaum, 1992). In many greenhouses, nutrients leached 
from the use of excess solution fall to an earthen floor and are then subject to entering the 
surface and ground water systems (Djodjic et al., 2004; Evans and Cabrera, 1992; 
McAvoy et al., 1992; McAvoy, 1994; Sims et al., 1998). 
Effects on growth of'Bright Red Sails' poinsettia resulting from reducing the P 
content in the water-soluble fertilizer used to irrigate the plants were previously 
investigated (Chapter 4). Although acceptable results were achieved with that cultivar, 
there is an ongoing need to investigate other cultivars of poinsettia before a general 
conclusion can be made. The primary object of this research was to determine the effects 
that reducing P from water-soluble fertilizer (WSF) had on plant growth, P nutrient status 
of vegetative tissue, and P leaching on 'Freedom Bright Red' poinsettia under various P 
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regimens using a commercial soilless growth medium. A second objective was to 
determine if changes in plant growth due to P level affected N03-N leaching. 
Materials and Methods 
Thirty-six rooted 'Freedom Bright Red' poinsettia cuttings (E. pulcherrima) (Paul 
Ecke Ranch, Encinitas, Calif.) were potted 30 July 2004 in 15-cm-diam. (1.5 L) pots 
containing a commercial soilless growth medium (Fafard Mix 3B; 45% peat moss, 15% 
perlite, 15% vermiculite, and 25% bark by volume; Conrad Fafard, Inc. Agawam, Mass ). 
Fafard 3B is one of the commonly used growing media in the greenhouse industry in 
Massachusetts (D.A. Cox, University of Massachusetts, Amherst, personal 
communication). 
Phosphorus treatments were applied as combinations of 15N-2.18P-20.75K 
(10.83% NO3-N, 4.17% NH4-N) WSPF (Peters Poinsettia Peat-Lite Special; The Scotts 
Company, Marysville, Ohio) and 20N-0P-16.6K (11% NO3-N, 9% urea-N) WSOPF 
(Peters Hi-Cal Peat-Lite; The Scotts Company, Marysville, Ohio). These fertilizers were 
selected because of their close similarity in percent NO3-N. Fertilizers were mixed at 
concentrations of 250 ppm (mg-L'1) N, typical for poinsettias (Dole and Wilkins, 1999; 
Hartley, 1992); and were applied at three- or four-day (Monday and Friday) intervals 
according to a predetermined schedule. Treatment 1 used WSPF for every application. 
Treatment 2 used WSPF every second application alternating with WSOPF; treatment 3 
used WSPF every third application alternating with WSOPF; treatment 4 used WSPF 
every fourth application alternating with WSOPF; and treatment 5 used WSPF every fifth 
application alternating with WSOPF. Treatments were formulated after previous 
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experiments with poinsettias in this laboratory (Chapter 4; D. A. Cox, University of 
Massachusetts, Amherst, personal communication). 
Plants were irrigated thoroughly at potting with tap water and placed under 40% 
shade cloth in a glass greenhouse to become established. Irrigation with tap water was 
continued as necessary for the next 17 days after potting (DAP). Water-soluble-no-P 
fertilizer was applied four times by aspirational metering (hozon proportioner; 
Phytotronics, Inc., Earth City, Mo.) to supply N during the first 17 DAP. A broad- 
spectrum fungicide (Banrot; Scotts-Sierra Corp Protection Company, Marysville, Ohio) 
was applied as a drench at one DAP to prevent fungal diseases of the stem and roots. 
Leachate was not collected during this period. 
At 13 DAP, plants were removed from under the shade cloth. At 18 DAP, 30 of 
the most uniform plants, six plants per treatment, were placed in a completely random 
design on a greenhouse bench for treatment applications. The plants were suspended in 
tight-fitting opaque containers that were used to collect leachate for analysis. At 
scheduled irrigations, equal volumes of fertilizer solution were applied to the plants. The 
volume of solution required varied at each irrigation, due to growth and environmental 
conditions and was determined as the volume required to irrigate the plants while 
providing a small amount of leaching. If additional water was necessary between 
scheduled irrigations 150 to 250 mL of tap water were applied to all pots. The volume 
was determined to supplement irrigation and not cause leaching. Thus, the same volume 
of irrigation solution was applied to all plants during the experiment whether it was WSF 
solutions or tap water. A total of 9.7 L of WSF and 1.2 L of tap water were used per pot 
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during the experiment. At 22 DAP, the top portions of the plants were pinched, leaving 
five or six nodes, to induce branching. 
At regular intervals throughout the experiment, leachate was emptied from the 
collection containers; the volumes were measured, and a sample of each was retained for 
analysis of P and NO3-N. The concentration of P (as PO4-P) in the leachate was 
determined as molybdovanadophosphoric acid (Greweling, 1976; Appendix C). The 
concentration of NO3-N was determined by ion-selective electrode (ISE) (Barker, 1974; 
Mills, 1980) using a Cole-Parmer nitrate ISE (catalog no. 27502-31; Cole-Parmer 
Instrument Company, Vernon Hills, Ill.). These data along with the total volume of 
leachate collected per pot were used to calculate the total amount of P and NO3-N 
leached per pot. 
At the completion of the experiment, 113 DAP, plants were measured for total 
height, width (two measurement; widest and at right angles to this axis), and top-most 
bract diameter (two measurements taken at right angles to each other). Nine green-leaf 
samples (recently matured just below the colored bracts) were taken from each plant 
(three leaves each taken from three stems) for dry weight and tissue analysis. To assess 
shoot dry weight, the entire shoot (leaves, stem, and bracts) was taken and dried at 75° C 
until a constant weight was achieved. Leaf tissue was ground with a rotary mill with a 
20-mesh screen, dry ashed (Appendix B), and analyzed for P (as PO4-P) as 
molybdovanadophosphoric acid (Greweling, 1976; Appendix C). Individual pots with 
medium and roots intact were left to air dry a few days, and then roots were separated 
carefully from the medium by hand. Small particles adhering to roots were left on the 
roots. Many small fibrous root segments that adhered to or penetrated media particles 
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remained in the medium. To assess root dry weight, roots were dried at 75° C until a 
constant weight was achieved. 
The experiment was conducted in a glass greenhouse maintained as close as 
possible to 22717° C (day/night) temperature. There were six single-plant replicates per 
treatment arranged in a completely randomized design. Data were subjected to analysis 
of variance (ANOVA) and regression analysis with Sigma Stat statistical software (SPSS 
Inc., Chicago, Ill). 
Results 
There were no observable symptoms, such as discoloration or lesions, due to P 
deficiency in foliage or bracts. Plant growth, bract diameter, shoot dry weight, and root 
dry weight were not affected significantly by different levels of P (Tables 6.1 and 6.2). 
All plants and bracts were acceptable in size as judged by their appearance, and the 
diameters of all the bracts were identical (Table 6.1). There was a significant difference 
in plant accumulation of P in response to treatment level. As P was increased, leaf 
content of P increased. 
Total P leached per pot differed significantly among treatments (Table 6.3). 
Phosphorus leached was greatest at the maximum treatment level (Table 6.3), and P 
leached at this level was generally increasing at a rate greater than the other treatment 
levels at all sample times (Fig. 6.2). 
There was a significant difference in total NO3-N leached per pot among 
treatments (Table 6.3). The trend for NO3-N leached increased linearly as a function of P 
treatment and was similar to total leachate in response to treatments. 
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Discussion 
The growth response of Treedom Bright Red' poinsettia, to different levels of P 
from WSPF suggests that this cultivar does not respond to increased levels of applied P 
beyond the lowest P level in this investigation (Table 6.1). The plants grew as well with 
the low level of P as they did with all other levels. These results agree with the results of 
Broschat and Klock-Moore (2000) who reported that shoot growth of tomato, marigold, 
and green pepper responded to increased P at deficiency levels. Tissue P (Table 6.2) was 
within the established sufficiency range for poinsettia of 0.2% to 1.0% (2000 to 10000 
pg g'1) (Mills and Jones, 1996) at all treatment levels suggesting that P sufficiency had 
been realized. These results, however, were not similar to results of a previous 
experiment (Chapter 4) with the poinsettia cultivar 'Bright Red Sails'. In that 
investigation, increasing levels of P lead to generally taller plants. It is not known what 
the lowest level of treatment P can be with 'Freedom Bright Red' before deficiency 
symptoms or a change in growth response are observed. Therefore, it may be desirable in 
the future to reduce the range of treatments even further, for this cultivar, to a level where 
deficiency symptoms are observed or growth is suppressed. 
At all treatment levels other than the highest level, P leached per pot occurred at a 
relatively constant level throughout the experiment (Fig. 6.2). Therefore, a constant level 
of P remained and was available to each plant at each treatment level. The greater 
amount of P leached at the highest P level probably reflects P in excess of plant 
accumulation. To irrigate the plants fully, sufficient solution was applied to cause some 
leaching from all pots; however, leaching fraction was not a consideration. It was more 
important that all plants be irrigated equally applying the same amount of N to each plant 
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at each irrigation. The difference in P leached among plants may be due to the over all 
irrigation regime or evaporation from the surface of the pots causing a requirement for 
more irrigation solution. 
Total NO3-N leached generally followed the trend for total leachate collected per 
pot (Table 6.3). The more leachate that was collected, the more NO3-N there was present 
in the leachate; and there was a significant difference in the amount of leachate collected 
in response to treatment levels. The difference in NO3-N leached per pot in response to 
NO3-N applied per pot was greatest at the lowest P treatment level (Table 6.3). This 
result says that more NO3-N was used by the plants at the low P level than at the higher 
levels of P nutrition. 
This research demonstrated no suppression of growth when the cultivar 'Freedom 
Bright Red' poinsettia was grown with lower levels of P. 'Bright Red Sails' poinsettia 
(Chapter 4) also produced high-quality plants when using the same fertilizer regimes as 
was used in this investigation. However, growth of'Bright Red Sails' responded to P 
treatment levels and 'Freedom Bright Red' did not respond. Maybe this is because 
Treedom Bright Red' poinsettia is less sensitive to P nutrition. If levels of P and NO3-N 
are reduced in leachate, the chance that these elements will end up in surface or 
groundwater is also reduced. 
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Table 6.1. Growth response of’Freedom Bright Red' poinsettia to different levels of P 
from 15N-2.18P-20.75K WSPF. 
Treatment Measurement of Growth 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
Plant ht. 
(cm) 
Plant diam. 
(cm) 
Bract diam. 
(cm) 
6 17.5 75 39.7 48.9 32.5 
7 14 92 39.0 52.5 32.2 
10 10.5 130 35.8 49.4 32.7 
15 7 183 37.7 49.3 32.7 
28 3.5 353 38.8 48.4 32.5 
Significance7 ns ns ns 
z Effects of increasing P treatments were not significant (ns). 
Table 6.2. Shoot and root dry weights and leaf P concentration of’Freedom Bright Red' 
poinsettia to different levels of P from 15N-2.18P-20.75K WSPF. 
Treatment Dry Weight Leaf P 
No. of 
applications 
Avg days 
between app. 
Total P 
per pot 
(mg) 
Shoot 
dry weight 
(g) 
Root 
dry weight 
(g) (ggg'1) 
6 17.5 75 23.2 2.8 3113r 
7 14 92 24.2 2.8 3727 
10 10.5 130 24.1 3.3 3902 
15 7 183 23.8 3.8 4757 
28 3.5 353 22.0 3.0 7201 
Significance7 ns ns L" 
7 Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L) 
or are not significant (ns). 
y Means among groups within the column are significantly different by F-test, P < 0.01 
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Table 6.3. Total P and NO3-N leached per pot of'Freedom Bright Red' poinsettia as a 
function of levels of P from 15N-2.18P-20.75K WSPF. 
Treatment_ _Leaching 
No. of 
applications 
Avg. days 
between app. 
Total P 
per pot 
(mg) 
no3-n 
Applied/pot 
(mg) 
Total Total P Total NO3-N 
Leachate/pot Leached/pot Leached/pot 
(mL) (mg) (mg) 
6 17.5 75 1426 1667y 27 756y 
7 14 92 1444 1598 30 840 
10 10.5 130 1490 1730 38 844 
15 7 183 1550 1967 59 964 
28 3.5 353 1751 2260 161 1145 
Significance2 L** L *,Q * L** 
z Effects of increasing P treatments were significant at P < 0.01 (**) and are linear (L) 
or quadratic (Q). 
y Means within the columns are significantly different by F-test, P < 0.01. 
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Fig. 6.1. Average leachate per pot of'Freedom Bright Red' poinsettia, at sample 
times, per P treatments from 15N-2.18P-20.75K WSPF. 
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Fig. 6.2. Average P leached per pot of'Freedom Bright Red' poinsettia, at 
sample times, per P treatments from 15N-2.18P-20.75K WSPF. 
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Fig. 6.3. Average N03-N leached per pot of'Freedom Bright Red' poinsettia, at 
sample times, per P treatments from 15N-2.18P-20.75K WSPF. 
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CHAPTER 7 
OVERALL CONCLUSIONS 
Three cultivars of poinsettia {Euphorbia pulcherrima Willd. ex Klotzsch), 'Red 
Sails', 'Bright Red Sails', and 'Freedom Bright Red' (Chapters 2, 4, and 6), one cultivar of 
petunia {Petunia x hybridd), 'Ultra Red' (Chapter 3), and one cultivar of geranium 
{Pelargonium x hortorum Bailey), 'Ringo 2000' (Chapter 5), were investigated to 
determine what effects reducing P nutrition had on plant growth, P leaching, and N03-N 
leaching. 'Red Sails' poinsettia and 'Ultra Red' petunia were treated by incorporating 
ordinary superphosphate (0N-8.7P-0K) (SP) into the growing medium at potting. The 
'Red Sails' poinsettia received five treatments of SP at the rate of 0.59, 1.78, 2.97, 4.15, or 
5.34 kg-m'3 (approximately 80, 246, 406, 566, or 732 mg P per 1.5L pot) (Appendix A 
for conversion to common units); and the petunias received three treatments of SP at the 
rate of 74, 297, or 519 g-m'3 (approximately 3, 13, or 23 mg P per 0.5L pot). 
Approximately 3 kg-m' of SP is commonly used as a pre-plant fertilizer when providing 
P for an entire crop length (Nelson, 2003). Plants were irrigated using equal volumes of 
20N-0P-16.6K water-soluble-no-P fertilizer (WS0PF), at 250 mg-L'1 N for poinsettias 
and 150 mg-L'1 N for petunia, every three or four days. 
In other experiments, 'Bright Red Sails' and 'Freedom Bright Red' poinsettia and 
Ringo 2000' geranium were treated using five P treatments applied as combinations of 
15N-2.18P-20.75K water-soluble-P fertilizer (WSPF) and 20N-0P-16.6K WS0PF 
(Chapters 4, 5, and 6). Plants were irrigated every three or four days using equal volumes 
WS0PF and WSPF, at 250 mg-L'1 N for poinsettias and 200 mg-L'1 N for geraniums. 
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All poinsettias were planted in a commercial soilless growing medium, Fafard 
Mix 3B (Conrad Fafard, Inc. Agawam, Mass.). To determine if media influenced the 
effects of reducing P, petunias and geraniums were planted in three different soilless 
growth media: Fafard Mix 3B (Conrad Fafard, Inc. Agawam, Mass.), Metro-Mix 510 
Growing Medium (Scotts-Sierra Horticulture Products Company Marysville, Ohio), and 
a custom-blended medium (Chapters 3 and 5). 
No plants of any poinsettia cultivar showed any symptoms of P deficiency 
(Chapters 2, 4, and 6). 'Red Sails' and 'Bright Red Sails' poinsettia (Tables 2.1 and 4.1) 
showed significant increases in plant height, plant diameter, bract diameter, and shoot dry 
weight as P increased. Treedom Bright Red' poinsettia (Table 6.1 and 6.2) showed no 
difference in plant height, plant diameter, bract diameter, or shoot dry weight with 
increased P even though treatment levels were similar to that of'Bright Red Sails'. 
Although there were significant differences in heights, plant diameters, and bract 
diameters among plants of'Red Sails' and 'Bright Red Sails' due to P level, the 
differences were small enough not to be visually apparent. 
Leaf tissue P for Tied Sails' poinsettia (Table 2.1) was below the established 
sufficiency range for poinsettia, 0.2% to 1.0% (2000 to 10000 pg.g'1), (Mills and Jones, 
1996) at the three lowest P levels. However, leaf tissue P for 'Bright Red Sails' (Table 
4.2) and 'Freedom Bright Red' (Table 6.2) was within the established sufficiency range at 
all P levels. The growth response of'Red Sails' and Treedom Bright Red' poinsettia to P 
was similar to those reported by Broschat and Klock-Moore (2000) for shoot growth of 
tomato, marigold, and green pepper that increased with P but at deficiency levels only. 
The response of'Bright Red Sails' poinsettia to increased levels of P was not similar to 
99 
the results reported by Broschat and Klock-Moore (2000) since plants continued to grow 
above leaf deficiency. In addition, the overall size of'Bright Red Sails' plants and bracts 
was actually reduced at the highest treatment level (Table 4.1 and 4.2) suggesting that 
excess P, and possible toxicity, may have occurred (Broschat and Klock-Moore, 2000; 
and Whipker and Hammer, 1994). Although there was no bract edge necrosis due to P 
toxicity (Whipker and Hammer, 1994), it is plausible that the highest P level was mildly 
excessive without reaching that symptomatic indication. There was no indication of P 
toxicity in the 'Freedom Bright Red' poinsettia. 
Total P leached per pot of'Red Sails' poinsettia was between 2.1 and 2.9 mg 
(Table 2.2), and for 'Bright Red Sails' poinsettia was between 5.1 and 7.7 mg per pot 
(Table 4.3). However, total P leached per pot of'Freedom Bright Red' poinsettia was 
between 27.2 and 161.1 mg (Table 6.3). The disparity in the absolute values of P leached 
among the three cultivars can probably be attributed to general factors including the 
source of the P, treatment regimes, experiment protocols, environmental conditions, and 
cultivar differences. 'Red Sails' (Chapter 2) plants received all of their P from SP 
incorporated in the medium at potting time; and although the plants were irrigated 
immediately, leachate was not collected during the first 10 days after potting (DAP). The 
initial sample of P leached from Red Sails' poinsettia (Fig. 2.2) showed a rather steep 
negative slope indicating that additional P may have been leached in the first few weeks. 
This agrees with results of Cole and Dole (1997) and Marconi and Neilson (1984) who 
reported that more than a third of the P from SP was lost after 10 leachings in plant-less 
experiments. However, as the 'Red Sails' plants developed, and roots began to absorb P, 
probably less P was available in the soluble form for leaching (Fig. 2.2). 
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'Bright Red Sails' (Chapter 4) and 'Freedom Bright Red' (Chapter 6) were treated 
with five different levels of P from WSPF added to plants at scheduled irrigation times 
throughout the experiment. With the exception of one plotted curve, the curve for "every 
i 
treatment" in Figure 6.2, all P leaching curves for 'Freedom Bright Red' (Fig. 6.2) and 
'Bright Red Sails' poinsettia (Fig. 4.2) generally followed the same course, respectively. 
It is not known why the one treatment leached so much more than the other treatments 
other than it may reflect a P treatment greatly exceeding the needs of these particular 
plants. 
Leaching of NO3-N per pot of'Red Sails' poinsettia appeared relatively low and 
consistent until approximately between 21 and 25 Sept., eight weeks after potting (Fig. 
2.3), when flower initiation took place. At that time, NO3-N leaching increased until the 
end of the experiment probably indicating that the NO3-N requirement of the plants was 
decreasing. Total NO3-N leached per pot of'Red Sails' (Table 2.2) was greatest at the 
lowest P treatment level and generally decreased as P levels increased. The plants 
exhibited the least overall growth at low P treatment levels. One could surmise that the 
assimilation of NO3- N by 'Red Sails' poinsettia may be wholly influenced by limiting 
effects of low P treatment levels. However, Fig. 2.3 shows that the overall NO3-N 
requirement of'Red Sails' may be strongly influenced by the physiological condition of 
the plants. 
The different amounts of NO3-N applied to 'Bright Red Sails' (Table 4.3) and 
'Freedom Bright Red' poinsettia (Table 6.3) among the P treatment levels resulted from 
the different formulations of the two fertilizers used, WSPF and WSOPF, and their 
scheduled applications. Nitrate-N leaching by 'Bright Red Sails' and 'Freedom Bright 
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Red' poinsettia followed the same course as the leachate volume applied to each cultivar 
(Figs. 4.1, 4.3, 6.1, and 6.3) at each P level. For Freedom Bright Red', leachate volume 
and NO3-N leached was greater from pots treated with high P levels than low P levels 
(Figs. 6.1 and 6.3). The difference between NO3-N applied and leached, which is the 
actual NO3-N used by the plants (Table 6.3), was less for 'Freedom Bright Red' at the 
high P treatment levels (Table 6.3). However, for the 'Bright Red Sails', there was no 
well-defined pattern between P treatment level, leachate volume, and NO3-N leached 
(Figs. 4.1 and 4.3). The difference between NO3-N applied and leached for 'Bright Red 
Sails' shows more NO3-N was used by this cultivar at the high P levels. 
Based on the overall quantitative growth data and visual observations, high- 
quality 'Red Sails' (Chapter 2) can be grown using as little as 0.59 kgm" SP as a pre¬ 
plant fertilizer. However, less P and NO3-N leaching can be realized by using 1.78 
kg m" SP. If water-soluble fertilizer is to be used, the regimes described in Chapters 4 
and 6 applied at 17.5 days between treatments resulted in high-quality 'Bright Red Sails' 
and Freedom Bright Red' poinsettia. Less P and NO3-N leaching can be realized with 
'Bright Red Sails' when P is provided every 14 days. 
'Ultra Red' petunia (Chapter 3) leaf P was below the survey range of 0.47% to 
0.93% (4700 to 9300 pgg"1) (Mills and Jones, 1996) at all treatment levels (Table 3.1); 
and plants grown at the lowest P level in Fafard Mix 3B, Metro-Mix 510, and at all P 
levels in the custom-blended medium exhibited some foliar chlorosis and necrosis. Size 
and quality of petunia plants generally increased as treatment P increased (Table 3.1), 
similar to the results of Broschat and Klock-Moore (2000), and were acceptable at the 
two highest P treatment levels in Fafard Mix 3B or Metro-Mix 510 media. Use of the 
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custom-blended medium, containing no P in the starter charge, did not result in 
acceptable petunias at any P treatment level. 
Like 'Red Sails' poinsettia (Chapter 2), P leaching from SP for 'Ultra Red' petunia 
was greatest during the early part of the experiment and at the high treatment levels. 
There was interaction found among the treatments and media types. Dry weight of 
petunias was significantly less with the custom-blended medium than with the 
commercial media (Table 3.1 and Table 3.2). Leaching of NO3-N generally followed the 
pattern of total leachate. As leachate volume increased, NO3-N in the leachate also 
increased and was greatest with the custom-blended medium at all P treatment levels and 
least with Metro-Mix (Table 3.2, Table 3.3, and Fig. 3.3). This result may have been a 
reflection of the smaller petunia plants grown in a medium without a P starter charge. 
There was no interaction among treatments and media types for P leached, but total P 
leached was high with the custom-blended medium and lowest with Metro-Mix (Table 
3.2). Since P was limiting, less NO3-N may have been required for plant development. 
Overall, growth data and visual observations indicate that high-quality 'Ultra Red' petunia 
-y 
can be produced by using as little as 297 g m' of SP incorporated in a commercially- 
produced growing medium containing a starter P charge. 
'Ringo 2000' geranium (Chapter 5) showed no significance difference in plant 
height due to treatment P, but there was an increase in plant diameter as P was increased. 
Shoot tissue P was below the sufficiency range for geraniums of 0.30% to 1.24% (3000 
to 12400 pg g'1) (Mills and Jones, 1996) at the two lowest P levels (Tables 5.3) but was 
within the sufficiency range at the highest P level. Symptoms of P deficiency were not 
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detected, however, leaf area (Table 5.1) was significantly less in plants treated with the 
lowest P level. 
Leaf area was larger at increased levels of P (Table 5.1). According to Craig and 
Walker (1963), cumulative lighting is a major factor that influences flowering in 
geraniums. Since leaves are the mechanism by which plants capture light, larger leaves 
should reduce the number of days to first flower. However, in this experiment, P 
treatment levels had no effect on days to first flower (Tables 5.2). 
There was interaction found among the treatments and media types. Total P 
leached at the different P levels was less when using the custom-blended medium (Table 
5.4, Table 5.5, and Fig. 5.2). There was no interaction among treatments and media types 
for NO3-N leached, but total leachate and total NO3-N leached was less when using the 
custom-blended medium (Table 5.4). Overall, growth data and visual observations 
indicate that high-quality 'Ringo 2000* geranium plants can be grown by applying WSPF 
every 10 days. 
The experiments described within this document suggest that less P than is 
generally applied is actually needed for growth of high-quality poinsettia, petunia, and 
geranium plants. Media can have an influence on plant growth. Generally, the plants 
grew better in the commercial media that had starter fertilizer that included some P. 
Based on results of this study, no conclusion can be made as to how media affects P and 
NO3-N leaching from potted plants. There was more NO3-N leached at all P levels with 
the custom-blended medium with petunias than with the commercial media, but less P or 
NO3-N was leached with the custom-blended medium with geraniums than with the 
104 
commercial media. Using less P nutrition reduces P in leachate. Reducing P and NO3-N 
in leachate reduces the possibility of these nutrients ending up in surface or ground water. 
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APPENDIX A 
Metric to Common Units 
Chapter 2 P treatments: Ordinary superphosphate (0N-8.7P-0K) is the same as 
(ON-2OP2O5-OK2O). 
Superphosphate 
(kg m'3) (lbs./cu. yd.) 
0.59 1 
1.78 3 
2.97 5 
4.15 7 
5.34 9 
Chapter 3 P treatments: Ordinary superphosphate (0N-8.7P-0K) is the same as 
(ON-2OP2O5-OK2O). 
Superphosphate 
(gm‘ ) (oz./cu. yd.) 
74 2 
297 8 
519 14 
Chapters 4, 5, 6 Water-soluble-no-P fertilizer (WSOPF) (20N-0P-16.6K) is the 
same as (2ON-OP2O5-2OK2O). 
Water-soluble-P fertilizer (WSPF) (15N-2.18P-20.75K) is the 
same as (15N-5P205-25K20). 
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APPENDIX B 
Dry Ashing (High-Temperature Oxidation) Procedure 
This method was used to prepare plant tissue for analysis of P (S. Bodine, 
University of Massachusetts Amherst, personal communications; Miller, 1998; Mills and 
Jones, 1996). 
1. Weight 0.3 g dried (75 °C) and ground (20-mesh screen) plant tissue into 
porcelain crucibles and place the crucibles in a rack in a cool muffle oven. 
2. Adjust the oven to ramp to 500 °C over a 2 h period and maintain that 
temperature for at least 4 h (This temperature cycle was usually applied 
overnight). 
3. Turn off the oven, open, and allow to cool to a safe handling temperature (about 
1-2 h) then carefully remove the crucibles and allow them to finish cooling to 
room temperature. 
4. Tissue digest - After the tissue has been ashed and cooled, add 15 mL of a 20% 
HCL solution to each crucible. Stir with a glass rod and filter through a 90 mm 
number 1 Whatman filter into a poly bottle. The tissue digest solution is now 
ready for analysis for P. 
Calculations: 
The prepared tissue digest solution is based on 0.3 g of ashed tissue dissolved in 
15 mL of 20% HC1. To determine the concentration (pgg’1) of P in the tissue, 
multiply pgrnL'1 of P, from the analysis of the prepared tissue digest solution, by 
50 mLg*1 (15 mL, HC1 per 0.3 g ashed tissue). 
Example: From an analysis of tissue digest solution, P = 30.401 pgrnL'1 
30.401 pgrnL'1 x 50 mL g'1 = 1520.05 pg P per g of tissue 
To convert to percent, multiply by 10'6 to convert pg g"1 to g g'1 then multiply 
by 100%. 
1520.05 pg g'1 x lO'6 x 100% = 0.15% P in the tissue 
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APPENDIX C 
Test for Phosphorus (PO4-P) as Molybdovanadophosphoric Acid 
(Modified after Greweling, T. 1976. Chemical analysis of plant tissue. Search 
Agriculture. Agronomy 6. Vol. 6 No. 8. Cornell University Agricultural Experiment 
Station, Ithaca, N.Y.) 
A. Dry Ashing 
Dry ash plant tissue according to the procedure outlined in Appendix B. 
B. Standard Preparation 
Note: From previous testing, standard phosphate solutions, consisting of 5, 10, 50, and 
100 pg-mL'1 (ppm) P, were used with appropriate dilution factors. 
Using serial dilution and C1V1 = C2V2: 
Step 1. Prepare 1000 pg-mL'1 (1000 ppm) P solution: Weigh 0.4393 g of potasium 
dihydrogen phosphate (KH2PO4), into a 100 mL volumetric flask, add 5.0 mL 
concentrated HC1, make to volume using deionized water, and mix. 
Step 2. Prepare 100 pg-mL*1 (100 ppm) P solution: Transfer 10 mL of 1000 ppm P 
solution to a 100 mL volumetric flask, make to volume using deionized water, and mix. 
Step 3. Prepare 50 pg-mL"1 (50 ppm) P solution: Transfer 50 mL of 100 ppm P solution 
to a 100 mL volumetric flask, make to volume using deionized water, and mix. 
Step 4. Prepare 10 pg-mL'1 (10 ppm) P solution: Transfer 20 mL of 50 ppm P solution 
to a 100 mL volumetric flask, make to volume using deionized water, and mix. 
Step 5. Prepare 5 pg-mL'1 (5ppm) P solution: Transfer 50 mL of 10 ppm P solution to a 
100 mL volumetric flask, make to volume using deionized water, and mix. 
C. Reagent Preparation 
Step 1. Prepare 500 mL of 5N HC1: Dilute 207 mL concentrated HC1 (12.1 N) to 500 
mL with deionized water. 
Step 2. Dissolve 1.25 g of ammonium metavanadate (NH4VO3) in the 500 mL 5N HC1 
solution from step 1. 
Step 3. Dissolve 25 g of ammonium molybdate tetrahydrate [(NH4)6Mo7024 * 4H2O] in 
300 mL of deionized water and stir in the dissolved ammonium metavanadate solution 
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from step 2. Mix, dilute to 1 liter, and mix again. The reagent may be used at once. If 
after a few days, any precipitate forms decant the solution before using. 
D. Procedure 
Step 1. Power up the spectrophotometer (Spectronic 21, Milton Roy Company) and 
allow it to stabilize (approx. 15 min.), set at 470 nm, absorbance mode, and medium 
sensitivity range. 
Step 2. Transfer 2 mL of each standard to 25-mL volumetric flasks and add 5 mL of 
mixed reagent to each flask. Make to volume with deionized water and mix. This dilutes 
the standards by a factor of 12.5 (25 mL 2). Allow the mixtures to stand for 15 
minutes. 
Make a blank using 5 mL of mixed reagent in a 25-mL volumetric flask. Make to 
volume with deionized water and mix. 
Step 3. After 15 minutes, transfer enough of each diluted standard to the small test tubes 
of the spectrophotometer to fill above the white line on the tube. Fill one test tube with 
the blank. Use the blank to set the spectrophotometer to “0”. Test the diluted standards 
and record the readings. 
Step 4. Plot a regression calibration curve, using diluted standard values (pg mL'1) on 
the x-axis vs. spectrophotometer readings on the y-axis, of diluted standards that are most 
likely to bracket the samples under investigation. 
Step 5. Testing the unknown samples: Transfer 2mL of an unknown sample (dry ash 
solution or leachate) to a 25-mL volumetric flask and add 5 mL of mixed reagent. Make 
to volume with deionized water and mix, this gives a dilution factor of 12.5 (25 mL 2). 
Allow the diluted solution to stand for 15 minutes. Test the samples the same way as the 
standards. 
Note: A different dilution factor for the unknown samples may be necessary if 
spectrophotometer readings for the samples under investigation fall outside the 
limits established by the regression curve. 
E. Calculations 
Step 1. Using the regression calibration curve, determine the concentration (pgmL'1) of 
P in the diluted unknown sample. 
Step 2. Multiply pg mL'1 of P in the diluted unknown sample by the dilution factor. 
This gives the concentration of P in the unknown sample. 
Step 3. For dry ash solution: Multiply the concentration of P in the unknown dry ash 
solution sample by the total volume of solution divided by the weight of ash digested (see 
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Dry Ashing Procedure, Appendix B). This gives the concentration of P within the tissue 
(pg mL'1 x mL g'1 = pg g ). 
Multiply the concentration (pg g1) of P within the tissue by 10-6 to convert pg to 
g and then multiply by 100% to convert to percent P in the dry tissue. 
If the weight of P within the tissue is desired, multiply the total weight of dried 
tissue by the percent P within the tissue. 
Step 4. For leachate: Multiply the concentration of P in the unknown leachate sample by 
the total volume of leachate collected. This gives the total weight of P leached per pot 
(pgmL*1 x mL x 10'3 = mg). 
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